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Abstract 
An Investigation of the Use of Microcomputer-Based Laboratory Simulations in 
Promoting Conceptual Understanding in Secondary Physics Instruction 
Stephen G. Tomshaw 
Francis A. Harvey, Ed.D. 
 
Physics education research has shown that students bring alternate conceptions to 
the classroom which can be quite resistant to traditional instruction methods (Clement, 
1982; Halloun & Hestenes, 1985; McDermott, 1991). Microcomputer-based laboratory 
(MBL) experiments that employ an active-engagement strategy have been shown to 
improve student conceptual understanding in high school and introductory university 
physics courses (Thornton & Sokoloff, 1998). These (MBL) experiments require a 
specialized computer interface, type-specific sensors (e.g. motion detectors, force probes, 
accelerometers), and specialized software in addition to the standard physics 
experimental apparatus. Tao and Gunstone (1997) have shown that computer simulations 
used in an active engagement environment can also lead to conceptual change. This study 
investigated 69 secondary physics students’ use of computer simulations of MBL 
activities in place of the hands-on MBL laboratory activities. The average normalized 
gain <g> in students’ conceptual understanding was measured using the Force and 
Motion Conceptual Evaluation (FMCE). Student attitudes towards physics and computers 
were probed using the Views About Science Survey (VASS) and the Computer Attitude 
Scale (CAS). While it may be possible to obtain an equivalent level of conceptual 
understanding using computer simulations in combination with an active-engagement 
environment, this study found no significant gains in students’ conceptual understanding 
(<g> = -0.02) after they completed a series of nine simulated experiments from the Tools 
for Scientific Thinking curriculum (Thornton & Sokoloff, 1990). The absence of gains in 
 
xi
conceptual understanding may indicate that either the simulations were ineffective in 
promoting conceptual change or problems with the implementation of the treatment 
inhibited its effectiveness. There was a positive shift in students’ attitudes towards 
physics in the VASS dimensions of structure and reflective thinking, while there was a 
negative shift in students’ attitudes towards computers in the CAS subscales of anxiety 
and usefulness. The negative shift in attitudes towards computers may be due to the 
additional time and work required by the students to perform the simulation experiments 
with no apparent reward in terms of their physics grade. Suggestions for future research 
include a qualitative element to observe student interactions and alternate formats for the 
simulations themselves. 
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Chapter 1: Introduction 
The field of physics education research has grown greatly in the last ten years. 
With the spread of technology through society and the increasing complexity of that 
technology, there is a great demand for technically skilled people in all areas of business 
and industry, and not just in the area of scientific research. If we are to increase the 
number of scientifically literate and technologically proficient individuals, we must 
ensure that we are employing the most effective methodologies available for their 
education. 
Traditional physics instruction uses lectures presented carefully by the instructor. 
These lectures are usually based on a textbook that dictates the curriculum. Physics 
education research (PER) has shown the ineffectiveness of traditional instructional 
methods in physics education. These traditional methods have resulted in poor conceptual 
understanding on the part of introductory physics students (Halloun & Hestenes, 1985b; 
McDermott, 1991; Thornton, 1996). Results of research in physics education have also 
provided the basis for the development of a number of nontraditional curricula. Workshop 
Physics (Laws, 1997), Tools for Scientific Thinking (Thornton & Sokoloff, 1990), and 
RealTime Physics (Sokoloff, Thornton, and Laws, 1998) are all activity-based curricula 
that stress students’ conceptual understanding and scientific reasoning. A survey of 
student performance in both traditional courses and active-engagement courses (Hake, 
1998) indicates that proper implementation of these research-based, interactive 
engagement strategies can improve the effectiveness of introductory mechanics courses. 
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Current Research in Physics Education 
If we are to improve student conceptual understanding in introductory physics 
courses, we must focus not only on the importance we place on the material we are 
presenting but also on the way we present it to students. 
Redish (1993) suggests that we ask the following questions in judging the value 
of any innovation in physics education: (a) What are the detailed goals for our students; 
(b) what is the state of our students’ knowledge and expectations of learning when they 
begin; and (c) what can we do to help students change the state of their knowledge? 
The question of goals is more complicated than it may seem. There are many 
different classifications of physics students to consider. At the university level liberal arts 
students, education students, non-physics science students, and physics majors take 
physics courses. Each of these groups has different requirements for introductory physics. 
This stratification extends to high school physics instruction in the form of honors 
physics classes and regular or conceptual physics classes. Although the emphasis of each 
of these classes may be different, i.e. content and coverage or quantitative reasoning and 
problem solving skills, an understanding of fundamental concepts by the students should 
be at the core of each course.  
Halloun and Hestenes (1985b) have shown that the initial knowledge state of 
many introductory physics students includes some misconceptions. Compounding this 
problem is the fact that traditional instructional techniques are ineffective at overcoming 
these common sense beliefs in favor of a Newtonian viewpoint. Van Heuvelen (1991) 
showed that in a typical introductory physics lecture section, about 20% of the students 
entered the course as Newtonian thinkers. The impact of the class was to increase that 
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number to 25%. This is an unsatisfactory gain and compels us to develop more effective 
methods and techniques of physics instruction. 
Computers in Physics Education 
Each year schools and school districts devote a substantial portion of their budgets 
to computers and technology. Pennsylvania will spend $20 million in 2006 for the 
Classrooms for the Future project (PA Dept. of Education, 2006). This is an effort to 
transform teaching and learning by equipping high schools with laptop computers on 
every student desk in English, math, science, and history classrooms. In the United 
States, state spending on information technology will top $20 billion in 2007 (Pulley, 
2006). With these large investments in computers and technology we must devote serious 
effort to determining how to use these resources effectively. 
Early studies of technology use in instruction (Sandholtz, Ringstaff, & Dwyer, 
1997) concluded that technology in and of itself would not change education; what 
matters is how it is used. A key element in many nontraditional curricula is the use of 
computer technology. Use of technology and the possibilities it offers for learning are 
important areas of research (Thornton & Sokoloff, 1990; Jones & Kane, 1994; Grayson 
& McDermott, 1996; Steinberg, Oberem, & McDermott, 1996; Greenburg, Raphael, 
Keller, & Tobias 1998; Eichorn & Woodrow, 1999; Trumper & Gelbman, 2002; 
Huffman, Goldberg, & Michlin, 2003; Thornton, 2003; Zacharia & Anderson, 2003). 
However, the computer is not the focal point of these new curricula. The computer is but 
one of many tools students use to perform science.  
Computer hardware and software, in the form of interfaces and sensors, have been 
developed for use in the science laboratory. The use of the computer in the form of 
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microcomputer-based laboratories (MBL) that incorporate active engagement learning 
has proven to be successful in overcoming misconceptions and promoting conceptual 
understanding (Thornton, 1987; Thornton & Sokoloff, 1990). However, not all schools 
have the resources to provide this specialized equipment for each of their science 
laboratories. The question remains: are there other activities that can be equally effective 
in improving student understanding of fundamental concepts? 
The purpose of this paper is to describe an investigation designed to test an 
activity using computer simulations of MBL activities. The computer simulation is 
designed to mimic the MBL laboratory in the task of providing empirical data, as well as 
a visual representation of that data in the form of real-time graphs, to initiate cognitive 
conflict and stimulate group discussion of the concepts involved. 
Statement of the Problem 
The active engagement approach to teaching physics employs a combination of 
empirical evidence, obtained through hands-on activities, and interactive discussions that 
allows students to confront their misconceptions. We hope they will adopt the Newtonian 
explanation. The use of MBL equipment to conduct the experiments or explorations 
provides an efficient source for collecting the empirical data on physics phenomena.  
The question arises, how important is the live or hands-on nature of the empirical 
data collection? Empirical data may be obtained through other methods. One such 
method is simulation. A well-developed and realistic simulation can provide the visual 
representation of a live experiment. Simulations also have the capability of providing 
realistic data that may be used outside the simulation, possibly for extended data analysis. 
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Simulations have been used successfully in a number of learning activities (Chien, 
White, & Van Heuvelen, 1998; Dahlqvist, Tholander, Karlgren, & Ramber, 1998; de 
Jong et al., 1999; Kalkanis & Sarris, 1999; Steinberg, 2000). Typically simulations have 
been used where it was either inconvenient or impractical to conduct the experiment in 
the laboratory. Other common uses of simulations are to introduce students to an 
experimental concept or to provide additional opportunities to explore the experimental 
procedure. Both of these applications are in support of actual laboratory experiments. For 
a science department that does not have the resources to perform MBL laboratories but 
has access to a school computer laboratory, a simulation is the practical solution. 
Considering the cost of purchasing MBL hardware and software, dedicated computers 
and printers, and possibly the secure space required to house them, simulation software 
could provide a more cost effective solution to improving student learning in introductory 
physics. 
An investigation of the effectiveness of a simulation as part of an active-
engagement laboratory exercise should be conducted in an area where there is a 
substantial amount of previous information on student difficulties. Active-engagement 
activities in mechanics using hands-on MBL laboratories have been studied extensively 
with well-documented results (Thornton, 1987; Thornton & Sokoloff, 1990; Redish, Saul, 
& Steinberg, 1997). In addition, there are several evaluation tools available to assess 
student conceptual understanding. These tools have well documented reliability and 
validity.  
Student’s specific conceptual and reasoning difficulties have been clearly 
characterized in introductory kinematics and mechanics. This information has been used 
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to modify the curriculum and improve student learning. Examining student understanding 
of these same issues after instruction will assess the effectiveness of a simulation in place 
of an MBL experiment. 
Although there are valid and reliable instruments available to measure students’ 
conceptual understanding in physics, in assessing the effectiveness of this technology we 
must also consider the individual student’s attitudes towards both computers and physics 
as potential limiting factors on learning. Pretreatment and post-treatment attitude surveys 
may provide valuable information on these possible influences. 
The proposed research questions for this study are as follows: 
1. Are there any significant gains in secondary students’ understanding of 
mechanics concepts, as measured by their pretest and posttest scores on a 
concept inventory, after utilizing computer simulations of MBL experiments?  
2. Are there any significant differences in the gains in secondary students’ 
understanding of mechanics concepts, as measured by their pretest and 
posttest scores on a concept inventory, after utilizing computer simulations of 
MBL experiments and the gains in students’ understanding of mechanics 
concepts achieved by students utilizing standard MBL experiments as 
reported in prior research?  
3. Are there any significant changes in secondary students’ attitudes towards 
physics after utilizing computer simulations of MBL experiments? 
4. Are there any significant changes in secondary students’ attitudes towards 
computers after utilizing computer simulations of MBL experiments? 
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5. Are there any significant relationships between gains in secondary students’ 
understanding of mechanics concepts, as measured by their pretest and 
posttest scores on a concept inventory, after utilizing computer simulations of 
MBL experiments and students’ attitudes towards physics? 
6. Are there any significant relationships between gains in secondary students’ 
understanding of mechanics concepts, as measured by their pretest and 
posttest scores on a concept inventory, after utilizing computer simulations of 
MBL experiments and students’ attitudes towards computers? 
7. Are there any significant relationships between secondary students’ general 
attitudes towards computers and students’ general attitudes toward physics 
after utilizing computer simulations of MBL experiments? 
 
 
 
8
Chapter 2: Literature Review 
Research on Student Learning and Physics Instruction 
The traditional approach to teaching physics -- lecture and recitation -- has been 
under examination for more than two decades. A large and growing body of research into 
student learning and understanding in introductory physics suggests that there is in fact a 
large discrepancy between what we assume that we teach and what students actually 
learn. McDermott (1991) suggested that this discrepancy corresponded to a mismatch 
between how we teach and how students learn. The natural tendency is for teachers to 
present material from their viewpoint. However, this viewpoint was attained after great 
intellectual struggle and reflection. In order to implement a constructivist model of 
teaching and learning, students must be actively engaged in the building of their own 
mental models. Our goal as physics teachers should be to help our students structure the 
content we present into coherent and effective mental models (Redish, 1994).  
In the early 1980s, research began at the University of Washington in an attempt 
to understand conceptual difficulties introductory physics students frequently faced in 
kinematics. Trowbridge & McDermott (1980, 1981) investigated student understanding 
of the concepts of velocity in one dimension (Trowbridge & McDermott, 1980) and of 
acceleration in one dimension (Trowbridge & McDermott, 1981) to gain insight into 
mistakes and misconceptions common to many introductory physics students. Their 
studies identified several persistent preconceptions, or protoconcepts, that interfered with 
understanding of the kinematics concepts. Results of these studies prompted the design of 
curricula to address the specific problems in misconception and understanding identified 
by the research.  
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This use of research into student understanding as a guide to curriculum 
development has continued to the present. The focus of this research has been expanded 
to encompass the areas of geometric and physical optics (Goldberg & McDermott, 1986, 
1987), light, waves, diffraction and interference (Ambrose, Shaffer, Steinberg, & 
McDermott, 1999; Wosilait, Heron, Shaffer, & McDermott, 1999), the work-energy and 
impulse-momentum theorems (Lawson and McDermott, 1987), thermodynamics 
(Cochran & Heron, 2006), and electric circuits (Shaffer & McDermott, 1992). 
Earlier research on student learning in introductory mechanics courses 
(Champagne, Klopfer, & Anderson, 1980; Clement, 1982) indicated that students’ 
preconceptions and experiential knowledge of motion are generally incompatible with 
Newtonian theory. The most common example of this condition is the “motion implies 
force” fallacy. The results of this misconception are (1) a force applied to an object will 
produce motion; (2) application of a constant force will produce motion with constant 
velocity; and (3) the magnitude of the constant velocity is proportional to the magnitude 
of the force. Halloun and Hestenes (1985a) have done extensive research on the effects 
that the experiential knowledge of students (their “common sense” beliefs, both 
preconceptions and misconceptions) has on their performance in introductory physics. In 
an attempt to measure the effectiveness of instruction in modifying a student’s initial 
beliefs, Halloun and Hestenes designed an instrument to assess the student’s knowledge 
state before and after instruction. This instrument consisted of a set of diagnostic tests in 
the areas of mechanics and mathematics. Both tests were used as pretests and the 
mechanics test was administered again as a posttest. Their results showed that traditional 
instructional methods have very little impact on students’ initial beliefs.  
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Halloun and Hestenes (1985b) contended that the goal of introductory physics 
instruction should be to transform the initial knowledge state of the student to the final 
Newtonian knowledge state of a physicist. Therefore, they asserted that any instructional 
method that fails to account for initial knowledge will be less effective. In an attempt to 
create a taxonomy of the common sense concepts students bring to introductory physics, 
Halloun & Hestenes (1985a) administered the mechanics diagnostic test they had 
developed to a group of 478 students, followed by interviews with a sample of 22 
students. They classified student responses as one of three principal types: Aristotelian, 
Impetus, or Newtonian. The results of this testing allowed the researchers to group 
students’ common sense beliefs into two general categories of alternative Newtonian 
concepts: principles of motion, corresponding to Newton’s Laws of Motion; and 
influences on motion, corresponding to laws of force in Newtonian mechanics. 
Based on their earlier research on instructional methods and student 
preconceptions, Halloun & Hestenes (1987) developed an instructional method based on 
a model-centered approach to problem solving (Hestenes, 1987). Accepting the adage 
that “teachers teach as they were taught,” the modeling approach sought to provide 
teachers with a robust teaching methodology that could be implemented in any area of 
curriculum design. 
The modeling method Halloun and Hestenes developed focuses on the use of a 
small set of paradigm problems, that is, problems chosen to be characteristic of an entire 
domain under study. In each paradigm, students are encouraged to construct and use 
scientific models to describe the phenomena under investigation. The method stresses the 
importance of understanding and using models and modeling tools with attention to the 
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role of representational type and structure. It aims to develop student skills in using basic 
modeling tools and to make models and modeling tools as explicit as possible in the 
curriculum. The method also encourages students to investigate how scientific knowledge 
is structured through the relationship between models and theories. Students also learn to 
validate their knowledge by evaluating their models through a comparison with empirical 
data. 
Halloun and Hestenes (1985b) developed the Mechanics Diagnostic Test to assist 
in student placement, evaluate the effectiveness of instruction, and identify and classify 
specific misconceptions. They developed this test over a three-year period with various 
versions administered to over 1000 introductory physics students. Further research by 
Hestenes and others led to the development of a new instrument, the Force Concept 
Inventory (Hestenes, Wells, & Swackhamer, 1992). The Force Concept Inventory (FCI) 
was designed to assess student understanding of the basic concepts of the Newtonian 
concept of force. The FCI is now one of the most widely used tools for assessing student 
learning in introductory physics instruction. A companion test, the Mechanics Baseline 
Test (Hestenes & Wells, 1992), was designed to assess quantitative problem solving 
skills. The validity and reliability of these tests is well established; they have been used in 
hundreds of classrooms, both high school and college/university, to evaluate thousands of 
students (Hake, 1998).  
In a similar vein, Thornton and Sokoloff (1998) have developed an assessment 
instrument to evaluate student understanding of Newton’s laws of motion. The Force and 
Motion Conceptual Evaluation (FMCE) is a multiple-choice assessment designed to be 
administered before and after instruction as a means of evaluating the effectiveness of the 
 
12
instructional methodology. Student performance on the FMCE after traditional 
instruction is consistent with the findings of other research (McDermott, 1984; Hestenes, 
Wells, & Swackhamer, 1992). 
Science educators have identified the problem of time constraints and breadth of 
coverage in the introductory physics course as a stumbling block in the implementation 
of non-traditional instructional methodologies. The Introductory University Physics 
Project (IUPP) was formed in 1987 to reform the introductory college physics course 
(Coleman, Holcomb, & Rigden, 1998). This effort sought to reduce the number of topics 
covered in the introductory course, provide a coherent structure for the course, and 
introduce more contemporary topics. It is interesting that these issues echo the concerns 
of the Carleton College Conference held in 1956 for the purpose of improving the quality 
and effectiveness of introductory physics (“Improving the Quality,” 1957).  
From thirteen submitted models, IUPP researchers selected four model curricula 
for full development and testing. They then field tested these four models at sites around 
the country with instructors who had not been connected with the development of the 
models. The evaluation phase focused on the three project goals and included pre-tests 
and posttests, student and faculty journals, questionnaires, and periodic site visits.  
Results of the study indicated that none of the models consistently attained all 
three of the goals. However, the inclusion of quantum mechanics in one model and the 
attempt at providing a coherent story line in another model were both successful in the 
sense that students displayed a strong conceptual understanding in each case. The 
evaluation was unable to devise a reliable method to evaluate the success of the reduction 
in content. Rather than producing a new canonical curriculum, the IUPP has provided 
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another source that indicates there are viable alternatives to the traditional curriculum in 
the introductory university physics course. 
The idea that students must think critically through the concepts presented in 
lectures has been addressed by Mazur (1997) through a process called Peer Instruction 
(PI) and the use of ConcepTests. Peer Instruction involves active discussion between 
students at designated times during lectures regarding concepts presented in lecture. The 
discussions focus on concepts specified in the form of conceptual questions referred to as 
ConcepTests. ConcepTests are given throughout the lecture, and the number of correct 
answers given by the class determines the course of the lecture. A low percentage of 
correct answers would cause the lecturer to slow down and provide more detailed 
information on a concept. The conceptual discussions and the immediate feedback from 
the ConcepTests attempt to keep students actively engaged in their learning. Results of 
ten years of teaching using PI in introductory physics classes have shown students taught 
using PI out perform students in traditionally taught courses and that results within the PI 
taught classes continue to improve along with refinements made to the PI curriculum 
(Crouch & Mazur, 2001). 
Research on Computers in Physics Instruction 
During the 1980s microcomputers became affordable and therefore available in 
many educational settings. The use of the computer in physics education can be divided 
into three principal areas: experimental data acquisition and analysis; modeling and 
simulation of experimental conditions; and numerical solutions of problems (Tinker, 
1985; Sipson & Thornton, 1995). Various tools have been developed that address these 
 
14
three areas. Researchers have evaluated the effectiveness of these tools in the learning 
process.  
Data acquisition and analysis. The availability of microcomputers in 
undergraduate labs facilitated the development of microcomputer-based laboratories 
(MBL) for physics instruction and prompted researchers to evaluate the effectiveness of 
MBL technology. Tinker (1985) identified several important characteristics for effective 
educational use of MBL equipment. First, MBL hardware and software should be pure 
tools, leaving all decisions about the use of the equipment to the students. Second, the 
software must make maximum use of the computers’ computational capabilities and 
graphical output. Finally, the software must be easy to use and must provide rapid 
feedback. 
In 1986, a special interface was developed for projects at Dickinson College and 
Tufts University that allowed sensors to be connected to a personal computer (Thornton, 
1987). The Universal Laboratory Interface (ULI) allowed students to collect and graph 
data in real time in conjunction with software that provided a powerful and easy to use 
graphical tool for data analysis. The versatility of these tools, along with their ease of use, 
made a discovery-based laboratory curriculum practical. These tools allowed students to 
engage in active learning experiences as they collected data and made observations of the 
physical world (Thornton & Sokoloff, 1990). The real-time graphing capability and 
analysis tools eliminated the need to transpose data to a spreadsheet or other program in 
the effort to produce effective graphs. Sipson & Thornton (1995) and Brasell (1987) 
found that students learned more when the delay between observing the process and 
seeing the graphs was reduced. 
 
15
Modeling and simulation. In the area of modeling and simulation, the 
effectiveness of interactive digital video in the Digital Video Interactive (DVI) format 
was investigated as a method to introduce selected concepts of physics and to assist 
students in visualizing data (Knupfer & Zollman, 1994). Video images of physical events 
can be captured and analyzed as digital information. Escalada and Zollman (1997) 
studied the effects of using digital video motion analysis on student learning and 
attitudes. Similar technology has been investigated as a means of improving student 
understanding of kinematic graphing and graph interpretation skills (Brungardt & 
Zollman, 1995; Beichner, 1996). Laws and Pfister (1998) describe the use of digital video 
analysis, using VideoPoint software, as part of a collaborative project assigned to 
introductory university physics students. Software with capabilities similar to VideoPoint 
is now available as part of the Logger Pro software. 
Modeling software is commercially available in many areas of physics. 
Interactive computer environments involving modeling programs such as Interactive 
Physics have shown a positive effect on student learning (Roth, Woszczyna, & Smith, 
1996). These programs enable students to simulate situations that are difficult to 
reproduce or to observe in the lab setting. For example, Kalkanis and Sarris (1999) 
describe the prototype for a new simulation program used to model the behavior of 
cosmic ray muons, an everyday phenomenon that is difficult to observe in the educational 
science laboratory. Simulation may also be used as part of the discovery learning process. 
De Jong, Martin, Zamarro, Esquembre, Swaak, and van Joolingen (1999) describe the use 
of computer simulation embedded in a discovery learning environment that involved 
model progression and associated assignments. 
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In developing a simulation of projectile motion for high school physics students, 
Rezaei (1997) employed a discovery method that emphasized active learner involvement. 
The simulation encouraged student learning by capitalizing on student’s natural tendency 
to play in a game-mode environment. Students were encouraged to manipulate variables 
and observe the resulting changes. These data were then presented in a more formal 
mode, as motion graphs and tables, allowing students to recognize the underlying 
relationships between variables. 
Dahlqvist, Tholander, Karlgren, and Ramberg (1998) investigated the effects of 
animation on student learning as part of a tutorial on the pendulum. The audience for this 
tutorial was comprised of younger students (13-14 years old). The tutorial consisted of 
short texts about the pendulum accompanied by related animations. The assessment tool 
asked multiple-choice questions at the knowledge and application levels as well as true-
false questions concerning the animations. Preliminary results indicated that there does 
not seem to be a problem with students understanding that an animation can be designed 
to be incorrect. Silbar, Mead, and Williams (1999) have also reported on the value of two 
and three-dimensional animations for the presentation of technical material to a broad 
audience. 
Chien, White, and Van Heuvelen (1998) employed a computer simulation of the 
pendulum as part of a learning activity on circular motion. Combining circular motion, 
constructivist and Vygotskian strategies, and computer simulations, the learning activity 
asked students to predict and explain results before running the simulation. Students then 
compared predicted behavior with observed behavior and confronted any conceptual 
conflicts. Results of problem solving activities for 213 students indicated that students 
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who used the computer simulations scored significantly higher than students who did not 
use the computer simulations.  
Steinberg (2000) has compared the use of an interactive lesson on air resistance 
with one group using a computer simulation of a ball thrown vertically, which provided 
computer generated graphs of position and velocity, and a group using pencil-and-paper-
based technique. Each group was given the physical description of the problem and asked 
to make predictions about the motion of the ball and its velocity. The simulation group 
compared the computer generated graphs to their predictions, while the pencil-and-paper-
based group relied on Newton’s second law to derive their explanations. While both 
groups showed a large improvement from a pretest given after traditional lecture on air 
resistance, there was no significant difference in their scores on air resistance questions 
on their midterm examinations. 
Zacharia and Anderson (2003) have investigated the use of computer-based 
simulations preceding laboratory inquiry-based experiments. Interactive computer 
simulations were chosen that allowed students to manipulate any variable associated with 
the physical phenomenon under investigation. Prior to the simulations, students were 
asked to make predictions about the consequences of changes in the variables. They were 
then required to reconcile any discrepancies between their predictions and observations. 
The interactive engagement activities were taken from the Physics by Inquiry curriculum 
(McDermott & Shaffer, 2002) and the Tutorials in Introductory Physics (McDermott, 
Shaffer, & Rosenquist 1996). The study showed that the use of simulations improved the 
students’ ability to make acceptable predictions and fostered a significant change in 
conceptual understanding. 
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Another area of research that falls into the realm of simulation is the use of 
immersive technology (Dede, 1995, 2006). Immersive technology employs high-
performance computing and communications to construct a virtual world in which a 
learner can become an active participant in the environment under study. Salzman, Dede, 
and Loftin (1996) have created ScienceSpace, a collection of virtual worlds designed to 
help students master challenging concepts in science. ScienceSpace consists of 
NewtonWorld, a virtual world used to study the dynamics of one-dimensional motion, 
MaxwellWorld, which focuses on electrostatics, and PaulingWorld, which explores 
molecular structures. These virtual worlds employ high-end hardware such as head 
mounted virtual reality displays and magnetic tracking systems for the head and hands to 
allow “the suspension of disbelief that one is surrounded by a virtual world” (Dede, 
1995). This research has shown that multisensory cues can engage learners and allow 
them to focus their attention on important concepts. The use of alternate perspectives can 
also assist in the remediation of misconceptions. 
 Numerical solutions. The computational power of the personal computer is also 
being utilized in the solution of numerical problems related to dynamical systems. The 
use of computer spreadsheets and other numerical analysis software has facilitated the 
student’s ability to explore the world of computational physics and areas such as chaos 
and fractals through iterative calculation (Misner & Cooney, 1991). Additionally, 
computer algebra programs allow students to perform complex numerical analysis with 
little or no programming experience. Programs such as Mathematica, Maple and 
Mathcad empower students to create powerful programs without extensive programming 
experience (Maeder, 1991; Wolfram, 1990). 
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Physics Education Research and Curriculum Development  
Physics education research (PER) has provided the foundation for the 
development of several non-traditional curricula. A number of research-based tutorials 
have been developed and implemented by the physics education group at the University 
of Washington. These Tutorials in Introductory Physics (McDermott & Shaffer, 2002) 
are designed to supplement a standard introductory physics course. The Physics by 
Inquiry curriculum (McDermott, Shaffer, & Rosenquist 1996) was developed through 
investigations of student learning and understanding in an effort to identify specific areas 
of difficulty that students encounter when studying physics. 
The Workshop Physics project was initiated with the goal of having student 
acquire transferable skills of scientific inquiry (Laws, 1991). In an attempt to overcome 
the difficulties students have with understanding the mathematical representations of 
physical events, the Workshop Physics program guides students through the process of 
making observations, analyzing data, and developing verbal and mathematical models to 
explain the observations.  
Several non-traditional curricula for secondary physics instruction have been 
developed as a result of physics education research. The Minds-On Physics curriculum, 
developed at the University of Massachusetts, incorporates many of the finding from 
physics education research (Gerace, Dufresne, Leonard, & Mestre, 1999). This 
curriculum is constructivist in nature, meaning the curriculum has been designed around 
several premises: (a) individual knowledge is constructed rather than transmitted; (b) 
prior experience influences all learning; (c) initial understanding is local; and (d) building 
useful knowledge structures requires effort. The curriculum is centered on a set of student 
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activities with the following goals: (a) identify and address student misconceptions; (b) 
emphasize concepts in problem solving; (c) discourage formulaic approaches to problem 
solving; and (d) promote knowledge structuring and integration. The mechanics portion 
of the curriculum contains about one hundred activities each designed to be completed in 
a one-hour class period. There is no textbook associated with the curriculum; however, 
the course materials include a student reader which is designed to be read after the 
associated activity has been completed. 
Active Physics (Eisenkraft, 1998) is another research-based curriculum developed 
by the American Association of Physics Teachers (AAPT) and the American Institute of 
Physics (AIP) with the assistance of the American Physical Society (APS). Designated as 
an alternative physics course with limited prerequisites in math and reading, Active 
Physics was designed to address the National Science Education Standards (NSES). The 
curriculum consists of six thematic units, each with three chapters. The units include 
sports, communications, transportation, medicine, home, and predictions. The scenario-
driven units are constructivist in nature and activity based. The methodology uses 
multiple exposures to material from unit to unit, cooperative group learning activities, 
math skill development, including graphing calculators and computer spreadsheets, and 
problem solving. The curriculum incorporates additional educational technology in the 
form of videos and computer software. 
Several other secondary physics curricula have been developed based on physics 
education research at the university level. The Modeling Workshop Project at Arizona 
State University is an ongoing effort that focuses on the use of the modeling theory of 
physics instruction (Hestenes, 1987) as a guide to curricular reform. The project conducts 
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leadership workshops designed to train teachers in the use of modeling methods in their 
classrooms. The curriculum incorporates the use of MBL tools and software as student 
investigative tools. 
Technology in Curriculum Development 
A majority of the research done on the effectiveness of computers and MBL 
laboratories has been focused on the introductory university physics course. However, 
recent evidence that high school physics has little impact on performance in introductory 
college physics classes (Sadler & Tai, 1997) should motivate us to reevaluate our 
teaching of secondary physics.  
The Technology Enhanced Secondary Science Instruction (TESSI) project 
(Woodrow, Mayer-Smith, & Pedretti, 1997) investigated the impact of integrating 
technology into science classrooms and the resulting changes in student learning and 
teacher instruction. The basic assumptions underlying the project are the following: (a) 
teachers are essential to creating successful technology enhanced learning environments; 
(b) teachers need models of successful environments; and (c) for real change to occur, the 
underlying frameworks of established classroom practice must be changed. 
A founding premise of TESSI was that, for technology enhanced instruction to 
become an essential part of classrooms, technology applications must not be 
supplemental, but rather they must be a fully integrated component of the curriculum. 
Various technologies must be available within the classroom, and technology is used as 
an enabling tool rather than a substitute for the teacher. 
Results of this project indicate that student learning can be enhanced with 
thoughtful implementation of technology. The project has reported increased enrollments 
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and retention in science electives. In addition, students demonstrated conceptual change 
in their interpretation of the roles of both student and teacher as they take a more 
dominant role in directing and monitoring their own learning (Eichorn & Woodrow, 
1999; Woodrow, Mayer-Smith, & Pedretti, 1998). 
The Constructing Physics Understanding in a Computer-Supported Learning 
Environment Project (CPU Project) is an ongoing effort based on research to develop 
laboratory and computer-based instructional materials to support a student-centered 
learning environment (Goldberg & Bendall, 1995). The target audiences are secondary 
physics and physical science classrooms. The project continues to develop pedagogy, 
content units, and computer software in support of a constructivist learning environment. 
In addition, the project offers workshops to K-12 teachers that focus on both content and 
implementation. The project has completed seven content units including Motion and 
Force, Light and Color, Waves and Sound, and Current Electricity. The pedagogy and 
content units are designed to be aligned with the NRC National Science Standards and 
the American Association for the Advancement of Science (AAAS) Benchmarks for 
Science Literacy. 
Lecture demonstrations. Sokoloff and Thornton (1997) have extended the use of 
MBL hardware and software beyond the physics laboratory in a series of interactive 
lecture demonstrations (ILD). These demonstrations are designed to engage students in 
an active learning environment within the lecture classroom by having students make 
predictions, conduct small group discussions, and participate in limited class discussions. 
These methods, when substituted for traditional lectures, have resulted in improved 
student understanding of the basic Newtonian dynamics concepts of force and 
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acceleration. More recently, Thornton and Sokoloff (Thornton, 2003) have adapted the 
ILD for delivery over the Internet. This system has also produced impressive gains in 
student conceptual understanding. 
MBL laboratory experience. Science teachers have long recognized the 
importance of the student laboratory; however, the role that the laboratory plays in the 
overall curriculum has been unclear (Blosser, 1990). Previous research on the 
effectiveness of the undergraduate physics laboratory experience (Likens, 1990) 
suggested the introductory labs had little effect on student understanding of physics 
concepts.  
Results of a study conducted by Krajcik and Layman (1997) on the use of MBL 
technology indicated that the effectiveness of the MBL tools depended on both the 
teachers’ understanding of their use and the teachers’ understanding of the concepts 
involved. Thornton and Sokoloff (1990) demonstrated that high school students displayed 
improved conceptual understanding after using selected MBL tools in a carefully 
constructed curriculum. Thornton and Sokoloff reported on the performance of over 300 
high school physics students before and after using the MBL curriculum. The drop in the 
error rates for the kinematics portion of the assessment is impressive. Most students 
missed all but the simplest of the five velocity questions after traditional lecture/recitation 
instruction, while the error rates dropped below 10% on all questions after the active 
engagement MBL experience. Redish, Saul, and Steinberg (1997) questioned the 
effectiveness of the MBL labs, asking whether the improvements reported were due to 
the MBL experience or if they could be attributed to extra time spent on the topic. Their 
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research concluded that the MBL activities were an effective part of an active-
engagement environment where students construct personal understanding. 
The popularity of commercially available and affordable MBL equipment would 
imply that technology facilitated instruction is being implemented to some degree in a 
large number of science classes across the country. Commercial equipment suppliers such 
as PASCO Scientific, Vernier Software, Texas Instruments and others offer similar 
versions of microcomputer- or calculator-based laboratory equipment. Instructors can 
easily convert a traditional experiment to a microcomputer- or calculator-based 
experiment (Appel, Gastineau, Bakken, & Vernier, 1998). However, implications from 
research indicate that the technology component alone, without the active engagement 
activities, is ineffective at improving student understanding (Redish et al. 1997). 
Synthesis of the Literature 
Many educators and researchers agree that the traditional method of instruction, 
namely lecture/recitation, in the introductory physics course is largely ineffective in 
developing a deep conceptual understanding of the subject (Hestenes, 1987; McDermott, 
1991; Thornton, 1996).  In this sense, at the college or university level, the course is not 
meeting the requirements of the large number of students in curricula that require a strong 
foundation in physics. “A solid education in physics is the best conceivable preparation 
for the lifetime of rapid technological and social change that our young people must 
expect to face” (Goodstein, 1999, p. 186). 
Active engagement activities in which students are asked to observe physical 
phenomena, measure physical quantities, and formulate appropriate models and 
explanations result in more learning (Thornton & Sokoloff, 1990). Research on student 
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learning and understanding in introductory physics instruction indicates that students’ 
experiential knowledge plays a critical role in learning and is generally incompatible with 
Newtonian theory (Halloun & Hestenes, 1985a, 1985b). Effective teaching methodology 
must take this into account. Research has demonstrated repeatedly that there are 
alternative methodologies that can affect real change in student perceptions and 
conceptual understanding.  
Advances in computer technology and research on the use of technology to 
improve instruction have led to the development of a number of tools intended to 
improve student learning in physics. Research-based, non-traditional curricula that 
incorporate active engagement activities and use of technology are currently available for 
use. It has been demonstrated that microcomputer-based laboratory activities and other 
computer simulation activities that incorporate similar principles of learning have 
positive effects on student learning. The use of the personal computer as a laboratory data 
acquisition and analysis tool allows students to conduct experiments and quickly obtain 
the salient information in easy to interpret graphical form. The students may then 
confront any contradictions between their personal predictions and experimental results. 
In conjunction with meaningful discussion within the group of students, or between 
students and instructors, these activities have been shown to greatly improve students’ 
conceptual understanding in mechanics. 
 
 
26
Chapter 3: Methodology 
Population 
 A population for the study was sought through a public advertisement made on 
the Southeastern Pennsylvania American Association of Physics Teachers (SEP-AAPT) 
mailing list. This list reaches approximately 200 educators in the southeastern 
Pennsylvania region. Although there were a number of interested replies received, the 
largest population at a single school was selected to eliminate any school-to-school 
factors. The population for the study consisted of approximately 72 high school students 
at The Hun School of Princeton. Both male and female students participated in the study 
with ages ranging from sixteen to eighteen years of age.  
Experimental Design 
The study employed a one-group pretest-posttest design. This design included a 
multiple-choice measure of student understanding of introductory physics concepts 
(described below) as a pretest, followed by the treatment and the same multiple-choice 
evaluation instrument as a posttest for all students in the study (Creswell, 1994). While 
this design was less desirable than a true experimental pretest-posttest/control group 
design, the population size available for the study would not allow a statistical test of 
adequate power if a pretest-posttest/control group design were used.  In addition, the lack 
of control over situations involving curriculum and classes at the host school would have 
made it difficult to maintain the integrity of the control group. The analysis on which this 
conclusion was based is presented below. 
Analysis of the statistical power of the proposed statistical tests was conducted in 
consultation with Professor Hazem Maragah of the LeBow College of Business at Drexel 
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University. In order to conduct the study with an experimental group and a control group 
the population would have to be divided into two groups (N=36). In this study, the 
analysis would focus on any difference between the test groups’ pretest/posttest gains and 
those of the control group. The null hypothesis would predict a small difference between 
these two points. The power for a two-tailed test with the Type-I error α = 0.05 and the 
population effect γ = 0.20, which would indicate a small difference between mean gain 
scores of the experimental and control groups (a difference between the sample means of 
0.20σ), computed using the procedures specified by Welkowitz, Ewen, & Cohen (1971), 
is 0.14. This value was unacceptably low. The minimum acceptable power of statistical 
tests for education research is generally considered to be 0.80. 
 Prior studies using hands-on MBL experiments have typically shown a large 
change from the pretest mean to the posttest mean. For the population size (N = 72) and a 
Type-I error α = 0.05 with a moderate population effect γ = 0.50 (a difference between 
pretest and posttest sample means of 0.50σ) we would have a power in excess of 0.85 
(Welkowitz, Ewen, & Cohen, 1971). The choice of γ is based on the results of Hake’s 
(1998) comparison of fourteen traditional physics courses (N = 2084) and 48 interactive-
engagement courses (N = 4458) where the normalized gains of the interactive-
engagement courses were nearly two standard deviations greater than the traditional 
courses. 
The average normalized gain, as calculated by Hake (1998), is described as the 
ratio of the actual average gain to the maximum possible gain. The actual average gain is 
the difference between the FCI posttest average and the FCI pretest average. The 
maximum possible gain is the difference between the FCI pretest average and 100 
 
28
percent. While the FCI was not used in this investigation, these gains are typical with 
both the FCI and FMCE. 
Treatment 
The overall design for the treatment was to provide the standard curriculum of 
lecture and recitation to the entire population of students with a modification of the 
typical MBL laboratory experience. In place of the hands-on MBL laboratory 
experiments, all students utilized computer simulations of the MBL experiments. The 
simulations provide a graphical representation of the experimental apparatus as well as 
duplicating the functions of the MBL software, i.e. real-time graphing of experimental 
data, curve fitting, and data extrapolation. One instructor taught the course following a 
standard curriculum. Students worked together in groups of two or three during the 
laboratory sessions. 
One of the guiding principles employed during the formation of the National 
Science Education Standards is that learning science is an active process. The National 
Research Council (1996) stated the following: 
Science as inquiry is basic to science education and a controlling principle in the 
ultimate organization and selection of students’ activities. The standards on inquiry 
highlight the ability to conduct inquiry and develop understanding about scientific 
inquiry. Students at all grade levels and in every domain of science should have the 
opportunity to use scientific inquiry and develop the ability to think and act in ways 
associated with inquiry, including asking questions, planning and conducting 
investigations, using appropriate tools and techniques to gather data, thinking 
critically and logically about relationships between evidence and explanations, 
 
29
constructing and analyzing alternative explanations, and communicating scientific 
arguments. (p. 105)  
All physics classes initially follow similar courses of study. They both begin with 
kinematics in one-dimension followed by vector concepts and kinematics in two-
dimensions. In general, the standard progression of topics is covered as found in the text.  
Typical hands-on MBL laboratory experiments are based on the Tools for 
Scientific Thinking- Force and Motion Laboratory Curriculum (Thornton & Sokoloff, 
1992). These experiments employ an active learning approach where students are 
encouraged to make predictions and actively discuss the behavior they expect to see in 
the apparatus. Students then observe the actual behavior of the apparatus and either 
confirm their predictions or confront their misconceptions. The computer simulations that 
replaced the hands-on activities with physical apparatus required the same analytical 
effort on the part of the students but eliminated the requirement to manipulate the 
physical setup of the equipment and sensors.  
The portion of the Tools for Scientific Thinking curriculum that was used 
consisted of nine investigations that covered velocity, acceleration and force. Each 
investigation had multiple activities and each was designed to be completed in about one 
hour. A treatment period of nine calendar weeks was required to complete all nine 
investigations. With two additional class periods required for assessments, the entire 
study lasted approximately twelve weeks. Table 1 presents an overview of the treatments 
and measurements used in the research. 
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Appendix D contains screen shots of an MBL experiment and screen shots of the 
related computer simulation. The written protocols for all nine simulations are included 
in Appendix B. 
 
 
 
Table 1. Sequence of Treatments and Assessments 
 
 
O1 
Week 1 
 
X1 
Weeks 2-4 
 
X2 
Weeks 5-7 
 
X3 
Weeks 8-10 
 
O2 
Week 11 
Pretest 
FMCE 
VASS 
CAS 
Unit 1: 
Intro. To 
Motion 
Investigations  
1-3 
Unit 2: 
Motion-Changing 
Motion 
Investigations 4-6 
Unit 3: 
Force and Motion 
Investigations 1-3 
Posttest 
FMCE 
VASS 
CAS 
Note. FMCE = Force and Motion Conceptual Evaluation; VASS = Views About Sciences 
Survey Form P20; CAS = Computer Attitude Scale. 
 
 
 
Instruments 
Measures of student conceptual understanding in physics. Multiple choice 
evaluation tools have been employed in a number of studies investigating improving 
student understanding in introductory physics. Several instruments have been developed 
and extensively tested to ensure their reliability and validity. These include the 
Mechanics Baseline Test (MBT), the Force Concept Inventory (FCI), and the Force and 
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Motion Conceptual Evaluation (FMCE). Student performance on these instruments has 
been accepted as a reliable measure of student understanding of the concepts of force and 
motion in a number of research studies (Hestenes, Wells, & Swackhamer, 1992; 
Thornton, & Sokoloff, 1998). This study employed the FMCE to allow for comparisons 
with the findings of Thornton & Sokoloff (1998) and the prior research these authors 
have completed at Tufts University and the University or Oregon as well as other 
institutions. 
 The Force and Motion Conceptual Evaluation (FMCE) was developed as a 
diagnostic tool to identify and characterize student misconceptions as well as evaluate 
forms of instruction. The validity and reliability of the test have been demonstrated by 
comparison of pretest and posttest results taken from a number of classes at different 
levels (secondary and university) in different schools with students from varied 
socioeconomic backgrounds, and with different teachers. Detailed analyses of these 
results have shown the test to be both valid and reliable. A copy of this instrument is 
included in Appendix C. 
Measures of student’s attitudes towards physics. The Views about Sciences 
Survey (VASS) is an instrument designed to characterize student views about learning 
and knowing science and to assess the relationship between these views and student 
achievement in science courses (Halloun, 1996). The VASS evaluates student views of 
structure, methodology, and validity in science. The VASS also evaluates student views 
of learnability, reflective thinking, and personal relevance. This instrument was used for 
both pre and post evaluation of students’ attitudes towards physics. A copy of this 
instrument is included in Appendix C. 
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Measures of student’s attitudes towards computers. The Computer Attitude Scale 
(Loyd & Gressard, 1984; Gressard & Loyd, 1985) was used to measure student attitudes 
towards computers. This instrument contains forty questions worded positively and 
negatively on a Likert scale. The responses range from strongly agree to strongly 
disagree. The total scores range from 40 to 160 where a higher score represents a more 
positive attitude. The instrument also identifies four subscores: anxiety, confidence, 
liking, and usefulness. A copy of this instrument is included in Appendix C. 
Statistical Analysis  
 The pretreatment and post-treatment results of the Views About Sciences Survey 
(VASS) (Halloun, 1996) and the Computer Attitude Scale (CAS) (Loyd & Gressard, 
1984; Gressard & Loyd, 1985) were analyzed for statistical significance through the 
matched t-test. The analysis of changes in students’ conceptual understanding of physics 
using the Force and Motion Conceptual Evaluation (FMCE) (Thornton & Sokoloff, 1998) 
used matched t-test as well as the average normalized gain (Hake, 1998), described in 
detail in Chapter 4. Tests for interdependence between computer attitudes, views about 
science, and the instructional model were conducted using the Pearson’s r correlation 
coefficient.  
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Chapter 4: Results 
This chapter presents the results of the study and a comparison of these results to 
the relevant findings of other researchers who have investigated microcomputer-based 
learning.  
The proposed research questions for this study were the following: 
1. Are there any significant gains in secondary students’ understanding of 
mechanics concepts, as measured by their pretest and posttest scores on a 
concept inventory, after utilizing computer simulations of Microcomputer-
Based Laboratory (MBL) experiments?  
2. Are there any significant differences between the gains in secondary students’ 
understanding of mechanics concepts, as measured by their pretest and 
posttest scores on a concept inventory, after utilizing computer simulations of 
MBL experiments and the gains in students’ understanding of mechanics 
concepts achieved by students utilizing standard MBL experiments as 
reported in prior research?  
3. Are there any significant changes in secondary students’ attitudes towards 
physics after utilizing computer simulations of MBL experiments? 
4. Are there any significant changes in secondary students’ attitudes towards 
computers after utilizing computer simulations of MBL experiments? 
5. Are there any significant relationships between gains in secondary students’ 
understanding of mechanics concepts, as measured by their pretest and 
posttest scores on a concept inventory, after utilizing computer simulations of 
MBL experiments and students’ attitudes towards physics? 
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6. Are there any significant relationships between gains in secondary students’ 
understanding of mechanics concepts, as measured by their pretest and 
posttest scores on a concept inventory, after utilizing computer simulations of 
MBL experiments and students’ attitudes towards computers? 
7. Are there any significant relationships between secondary students’ general 
attitudes towards computers and students’ general attitudes toward physics 
after utilizing computer simulations of MBL experiments? 
 
Initial Attempt to Conduct the Research Study 
The Drexel Institutional Review Board Committee #3 (Social Sciences Research) 
originally approved conducting the research study with a group of 110 students in physics 
and physics honors classes at the researcher’s school. The study was initiated in 
September 2003 to coincide with the beginning of the school year. Pretreatment Force 
and Motion Conceptual Evaluation (FMCE) and surveys had been administered and 
collected and the first week of simulations had begun when the Institutional Review 
Board Committee #3 withdrew approval for the study due to a possible conflict of 
interest. Their actions were based on the concern that the researcher was also the physics 
instructor for the students involved in the study. Therefore a search for a new population 
for the study was conducted through the local chapter of the American Association of 
Physics Teachers. 
A suitable population of students and physics teachers was identified in a public 
secondary school in Lehigh County, PA.  However, the physics teacher who had agreed 
to participate in and moderate the research study left that school before the study could 
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begin. Once again a search began for a new population. A population of secondary 
physics students with an acceptable size and suitable characteristics was identified in a 
private school located in New Jersey. Planning for the research study proceeded at the 
alternative school site. 
Identifying a suitable alternative population, arranging for permission to work 
with those students and teachers, revising the IRB application, and receiving final 
approval from the IRB committee for the revised proposal took the better part of one 
year. Data collection with the new population began in the fall term of the 2004-05 
school year. 
Data Collection with the New Population 
In an effort to avoid any possible conflict of interest, the researcher attempted to 
limit the involvement of the cooperating teacher in any of the data collection phases of 
the research. It was not possible to arrange for an on-site observer to monitor and 
facilitate the research study at the alternative site. Therefore, it was necessary to modify 
the research protocol. The major modification to the research protocol was the removal of   
a series of informal qualitative observations of student behaviors and interactions while 
they participated in the laboratory sessions. Modifications to the research design were 
reviewed and approved both by the Institutional Review Board #3 and by the researcher’s 
dissertation committee in September 2004. 
The students worked in small self-selected groups of two to three students to 
perform a series of nine microcomputer-based laboratory (MBL) simulations. Each 
simulation consisted of two parts: (a) a written protocol that contained directions, blank 
graphs for recording predictions and results, and a series of discussion questions (see 
 
36
Appendix B); and (b) a series of computer files to be opened and executed according to 
the written protocol. The written protocol directed students to (a) consider various 
scenarios depicted in the simulation files, (b) make predictions based on their current 
understanding, then (c) run the simulations and observe the results. They were then 
instructed to compare their results with their original predictions and to discuss both the 
results that agreed with their predictions and the results that disagreed with those 
predictions. 
Research Instruments and Characteristics of the Student Sample 
Pretest data on student learning outcomes and student opinions about computers 
and science were measured with the following instruments: The Force and Motion 
Conceptual Evaluation (FMCE) pretest (N=71), the Loyd-Gressard Computer Attitude 
Scale (CAS) pretreatment (N=71), and the Views About Science Survey (VASS) 
pretreatment (N=71). After the nine-week series of nine microcomputer-based lab 
experiments, the same instruments, FMCE (N=69), Computer Attitude Scale (N=66), 
Views About Science Survey (N=68)) were used to collect posttest data. These 
instruments were described in the previous chapter. 
The difference in sample sizes between the pretest and the posttest resulted from 
the fact that several students left the school during the course of the study or did not 
return the final surveys, and were therefore removed from the data analysis. The pre-
treatment instruments were administered in January, 2005 at the beginning of the second 
semester. Students were informed that the FMCE tests did not count as part of their 
grade. 
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Demographic information obtained as part of the CAS indicated that 31 students 
were female and 38 students were male. Students’ various backgrounds in math, science, 
and experience levels with computers are presented in Table 2.  
 
 
 
Table 2. Demographic Information 
 
  No. of Students 
 
Gender Female 31 
 Male 38 
   
Computer Experience Less than 6 months 17 
 6 month to 1 year 8 
 1 year or more 43 
   
Math Experience 2 classes 
3 classes 
4 classes or more 
19 
33 
17 
   
Science Experience 2 classes 33 
 3 classes 21 
 4 classes or more 15 
   
Note. Total number of students completing all parts of the study was N = 68. 
 
 
 
Data Analysis 
Establishing face validity. Data analysis began with an examination of student 
responses on all instruments for face validity. All instruments were visually inspected 
before being formally coded. Only one response was found to be invalid (i.e. the student 
produced a repeating visual pattern in the answer sheet for the posttest administration of 
the CAS). The invalid results for that student were removed from the data set. The 
remaining valid responses were coded and entered into a computer for analysis. An alpha 
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level of .05 was used for all statistical tests. A summary of results for all three 
instruments is shown in Table 3. 
 
 
 
Table 3. Descriptive Statistics for the Study Instruments 
 
 Force and Motion 
Conceptual 
Evaluation (FMCE) 
Computer Attitudes 
Scale (CAS) 
Views About Science 
Survey (VASS) 
 Pre Post Pre Post Pre Post 
N 69 69 69 68 69 66 
Mean 4.16 3.64 120.68 116.27 73.77 76.87 
S.D. 1.98 1.65 17.84 19.20 8.23 7.57 
Max. Score 33 33 160 160 125 125 
Note. Total number of students in the study was N = 69. Posttest results for some students 
were not available. 
 
 
 
Analysis of FMCE Data. According to the research design, the planned statistical 
method for analysis of the pretest/posttest FMCE data was the matched pair t-test. 
However, one of the assumptions that must be met to use the t-test is that the data for 
which the means are to be compared must be normally distributed. Therefore, the FMCE 
pretest and posttest data were tested using the Kolmogorov-Smirnov test for normality. 
The Kolmogorov-Smirnov test indicated there was a significant deviation from the 
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normal, Z(69) = 1.460, p = .028 (two-tailed), for the pretest data.  Figure 1 shows a graph 
of the data distribution.  
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Figure 1. Pretest Data for the Force and Motion Conceptual Evaluation with n = 69.  
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The Kolmogorov-Smirnov test indicated there was no significant deviation from the 
normal, Z(69) = 1.066, p = .206 (two-tailed), for the FCME posttest data.  Figure 2 shows 
a graph of the data distribution.  
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Figure 2. Posttest Data for the Force and Motion Conceptual Evaluation with n = 69. 
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Analysis of the pretest/posttest change revealed that four outlying data points, 
shown in the histogram in Figure 3 and in the boxplot in Figure 4, seemed to be 
producing the significant deviation from the normal distribution. As a result of this 
analysis, the four outlying data points were removed from the dataset and the 
Kolmogorov-Smirnov test was repeated. The test of the revised data set showed that there 
was no significance difference from the normal distribution at the .05 significance level 
(Pretest: Z(65) = 1.194, p = .115; Posttest: Z(65) = 1.184, p = .121). Therefore data 
analysis could proceed using the remaining data. 
 The matched pair t-test for n = 65 data points indicated there was no significant 
difference between the pretest and posttest means on the FMCE at the .05 significance 
level, t(65) = .739, p = .463. In addition to the matched pair t-test, the data were analyzed 
using the nonparametric Wilcoxon matched-pairs signed-ranks test, which does not rely 
on a normal distribution in the data (Daniel, 1990). Results of the Wilcoxon test also 
indicated that there was no significant difference (Z(69) = -1.657, p = .098) between the 
pretreatment and posttreatment means at the .05 significance level. These results indicate 
there was no significant gain in students’ understanding of mechanics concepts after 
utilizing computer simulations of MBL experiments as posed in research question one. 
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Figure 3. Pretest/Posttest change data for the Force and Motion Conceptual Evaluation 
with n = 69. 
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Figure 4. Boxplot of Force and Motion Conceptual Evaluation pretest/posttest change 
showing outlying data points. 
 
 
 
 Analysis of VASS and CAS Data. The Kolmogorov-Smirnov test for the 
pretreatment VASS scores (Z(69)=0.737, p=.649) and post-treatment VASS scores 
(Z(68) = 1.104), p = .175) indicated there was no significant deviation from the normal 
distribution at the .05 significance level in either the pretreatment or post-treatment 
scores. The matched pair t-test for the VASS indicated there was a significant difference 
in the mean student score from pretest to posttest, t(68) = -2.791, p = .007. These results 
indicate there was a significant change in students’ attitudes towards physics after 
utilizing simulations of MBL experiments as posed in research question three. 
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When the Kolmogorov-Smirnov test for normality was performed with the CAS 
data there was no significant deviation from the normal in the pretreatment data (Z(69) = 
.946), p = .332) or the post-treatment data (Z(66) = .590), p = .878) at the .05 significance 
level. The matched pair t-test for the CAS indicated there was a significant difference in 
mean values, t(66) = 2.495, p = .015 (two-tailed). These results indicate there was a 
significant change in students’ attitudes towards computers after utilizing computer 
simulations of MBL experiments as posed in research question four. 
Post hoc analysis of attitude subscales. The analysis of results for both the VASS 
and CAS, as reported above, were performed using the total scores, as specified by the 
research questions. However, both the VASS and CAS surveys consist of several 
subsections.  In an attempt to obtain more details to support explanations of these results, 
an additional post hoc analysis of the results of the subscales of each instrument was 
conducted.  Total scores on the VASS can be classified in terms of four profiles. Total 
scores less than 73 are classified as a folk profile (FP). The low transitional profile (LTP) 
is characterized by a total score of 73 – 82. The high transitional profile (HTP) is 
characterized by a total score of 83 – 92, and the expert profile (EP) is characterized by a 
total score greater than 92. 
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Table 4.  Profile type breakdown of VASS results. 
 
Profile Type Pre Post Typical 
Expert 0% 6% 10% 
High Transitional 15% 13% 25% 
Low Transitional 42% 50% 35% 
Folk 43% 31% 30% 
 
 
 
The pretest results indicated 43% of students in the folk profile (sum of scores 
smaller than 73), 42% of students in the low transitional profile (sum of scores 73 – 82), 
and 15% of students in the high transitional profile (sum of score 83 – 92). The posttest 
results indicated 31% of students in the folk profile (sum of scores smaller than 73), 50% 
of students in the low transitional profile (sum of scores 73 – 82), 13% of students in the 
high transitional profile (sum of scores 83 – 92), and 6% of students in the expert profile 
(sum of scores greater than 93). These results are reported in Table 4. 
The number of students whose test results indicated they were in the folk-profile 
decreased from 43% to 31%, while the number of students in the low transitional profile 
increased from 43% to 50%. The number of students in the high transitional profile 
decreased from 15% to 13%, but the number of students in the expert profile increased 
from 0% to 6%. 
 A second analysis of VASS results can be carried out by examining student 
responses in the subdomains of the scientific and cognitive dimensions probed by the 
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instrument. The t-test data reported in Table 5 shows significant changes in the 
dimensions of structure (t(68) = -2.53, p = .014 (two-tailed)) and reflective thinking 
(t(68) = -2.073, p = .042 (two-tailed)). 
 
 
 
Table 5. Matched pair t-test data for VASS subdomains. 
 
Dimension 
  
t 
 
Sig. (2-tailed) 
   
 
Structure -2.530 .014 
 
Methodology -1.528 .131 
 
Validity -.843 .402 
 
Learnability -.834 .407 
 
Personal Relevance -1.382 .172 
 
Reflective Thinking -2.073 .042 
 
 
 
A similar analysis was conducted for the subscores of the CAS. The results 
reported in Table 6 show a significant negative change in the subscores of anxiety (t(66) 
= 2.004, p = .049 (two-tailed)) and usefulness (t(66) = 3.132, p = .003 (two-tailed)). 
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Table 6. Matched pair t-test data for CAS subscores. 
 
 
Subscore 
  
 
t 
 
 
Sig. (2-tailed) 
  
Anxiety 2.004 .049 
Confidence 1.774 .081 
Liking 1.034 .305 
Usefulness 3.132 .003 
 
 
 
Analysis of data correlations. One goal of this study, expressed in research 
question number five, was to look for correlations between gains in student 
understanding of the physics concepts, as measured by their performance on the FMCE, 
and changes in their attitudes towards physics. Examination of the graph of the 
relationship between pretest/posttest changes in FCME scores and posttest only VASS 
scores shows no indication of a linear relationship between student gains in conceptual 
understanding and attitudes towards physics (Figure 5). This finding was confirmed by 
calculating Pearson’s correlation coefficient for these data, which was r(68) = .019, p = 
.880. No significant relationship was found. The nonparametric Kendall’s tau-b was also 
calculated. No significant relationship was indicated. These results are presented in Table 
7. In summary, there did not appear to be any significant relationship between gains in 
students’ understanding of mechanics concepts, as measured by their pretest and posttest 
scores on the FMCE, after utilizing computer simulations of MBL experiments and 
students’ attitudes towards physics as posed in research question five. 
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Figure 5. Scatter plot of FMCE change scores and post-treatment VASS scores. 
 
 
 
Another goal of this study, expressed in research question six, was to look for 
correlations between gains in student understanding of physics concepts, as measured by 
their performance on the FMCE, and their attitudes towards computers. Again, a scatter 
plot of the data revealed no indication of a linear relationship between student gains in 
conceptual understanding and attitudes towards computers (Figure 6). The Pearson’s 
correlation coefficient was calculated as r(66) = .067, p = .595. No significant 
relationship was present. The nonparametric Kendall’s tau-b was also calculated. No 
significant relationship was indicated. These values are listed in Table 7. No significant 
relationship was found between gains in students’ understanding of mechanics concepts, 
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as measured by their pretest and posttest scores on the FMCE, after utilizing computer 
simulations of MBL experiments and students’ attitudes towards computers. 
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Figure 6. Scatter plot of FMCE score changes and post-treatment CAS scores. 
 
 
 
Finally, the data was examined for correlations between student attitudes towards 
computers and their attitudes towards physics as expressed in research question seven. 
Once again, the scatter plot of VASS posttest scores and CAS posttest scores showed no 
indication of a linear relationship between student attitudes towards computers and 
attitudes towards physics (Figure 7). The Pearson correlation coefficient was calculated 
as r(66) = .220, p = .076. No significant relationship was present. The nonparametric 
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Kendall’s tau-b was also calculated. No significant relationship was indicated. These 
values are listed in Table 7.  There was no significant relationship in these data between 
students’ general attitudes towards computers and students’ general attitudes toward 
physics after utilizing computer simulations of MBL experiments. 
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Figure 7. Scatter plot of post-treatment VASS scores and post treatment CAS scores.  
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Table 7. Nonparametric Correlations between FMCE Change Data and Attitude Survey 
Instruments. 
 
  
FMCE 
Change 
VASS 
Posttest 
CAS 
Posttest 
Kendall's 
tau_b 
FMCE Change Correlation 
Coefficient 1.000 .019 .067
    Significance (2-tailed) - .880 .595
    N 69 68 66
  VASS Posttest Correlation 
Coefficient .019 1.000 .220
    Significance (2-tailed) .880 - .076
    N 68 68 66
  CAS Posttest Correlation 
Coefficient .067 .220 1.000
    Significance (2-tailed) .595 .076 -
    N 66 66 66
 
 
 
 
 Comparison of student gain with previous research. Student conceptual 
understanding in introductory physics courses has been evaluated quantitatively by other 
researchers studying active-engagement methods (Cummings, Marx, Thornton, & Kuhl, 
1999; Redish, Saul, & Steinberg, 1997; Redish, 1999; Hake, 1998) through the use of the 
average normalized gain (<g>). The average normalized gain is defined as the ratio of the 
average gain <G> to the maximum possible average gain achieved on a test of conceptual 
understanding. This is calculated as follows: 
 ( ) ( )max% / % % % / 100 %f i ig G G S S S≡ = − − , (1) 
where <Sf> and <Si> are the final (post) and initial (pre) averages on the instrument. 
Hake (1998) classified courses as low-g for (<g>) < 0.3, medium-g for 0.7 > (<g>) > 0.3, 
and high-g for (<g>) > 0.7. In his survey of courses using interactive engagement 
methods, the average normalized gain was 0.48 (SD = 0.14). 
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The average normalized gain can be used as a rough estimate of the average 
effectiveness of a course in promoting conceptual understanding. This classification 
scheme was initially developed using the Force Concept Inventory (FCI), another well 
known physics concept inventory (Hestenes, Wells, & Swackhammer, 1992). Its 
application to the FMCE has been demonstrated in several research studies (See, for 
example, Thornton, Kuhl, Cummings, & Marx, 2006). As shown in Figure 8, the results 
of the current study placed the group in the low-g category with an average normalized 
gain of <g> = −0.02 (SD = 0.09). This translates to no measurable gain in student 
conceptual understanding. Classification of this course in the low-g region with a 
normalized gain more than three standard deviations below the average normalized gain 
reported by Hake (1998) indicates there is a significant difference between the gains in 
students’ understanding of mechanics concepts in this study and the gains in students’ 
understandings of mechanics concepts achieved by students utilizing standard MBL 
experiments as posed in research question two. 
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Figure 8. Pretest and Posttest percentages along with average normalized gain for 
students’ total scores on the Force and Motions Conceptual Evaluation and all subset 
clusters. 
 
 
 
Summary of Results 
 This chapter discussed the results of the study with regards to (a) gains in 
students’ conceptual understanding of physics concepts, (b) changes in students’ attitudes 
towards physics and computers, (c) correlations between these gains and students’ 
attitudes towards physics and computers, and (d) differences between the gains achieved 
by students participating in this study and those of students who have participated in 
studies previously reported.  
 There were no significant gains in conceptual understanding as measured by 
students’ performance on the FMCE. The average normalized gain achieved was <g> = 
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−0.02 (SD = 0.09). The gains in conceptual understanding reported for students 
participating in this study are significantly different from those results reported in 
previous studies of secondary students participating in active-engagement activities 
where the average normalized gain was <g> = 0.48 (SD = 0.14).  
In reference to changes in students’ attitudes towards physics, there was a 
significant change in the students’ attitudes towards physics in the direction of the expert 
point of view (t(68) = -2.791, p = .007). In reference to changes in students’ attitudes 
towards computers, there was also a significant change in the students’ attitudes towards 
computers (t(66) = 2.495, p = .015). However, this change was not in the positive 
direction. This change indicated that students’ positive attitudes towards computers had 
diminished.  
In reference to correlations between students’ attitudes and their gains in 
conceptual understanding, there were no significant correlations between the gains in 
students’ conceptual understanding of physics and their attitudes towards physics (r(68) = 
.019, p = .880) or their attitudes towards computers (r(66) = .067, p = .595). In addition, 
there was no significant correlation between students’ attitudes towards physics and their 
attitudes towards computers (r(66) = .220, p = .076). All results from this study are 
summarized in Table 8. 
 
55
 
Table 8. Summary of Research Questions and Results. 
 
Research Question Results 
1. Gain in conceptual understanding Not significant 
2. Difference between gains in conceptual 
understanding between simulation and 
hands-on activities 
Significant negative difference 
3. Change in attitudes towards physics Significant positive difference 
4. Change in attitudes towards computers Significant negative difference 
5. Relationship between conceptual gains 
and attitudes towards physics Not significant 
6. Relationship between conceptual gains 
and attitudes towards computers Not significant 
7. Relationship between attitudes towards 
physics and computers Not significant 
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Chapter 5: Summary and Discussion 
The purpose of the work described in this dissertation was to investigate the use 
of computer simulations of microcomputer based laboratories as tools for promoting 
conceptual understanding in introductory physics instruction. This chapter presents an 
overview and interpretation of the results of the study presented in Chapter 4, a 
description of the limitations of the study, as well as recommendations for future 
investigation. 
Summary of Results 
As described in Chapter 4, there were significant changes found in the attitudes of 
students participating in this study with regards to both physics and computers. Student 
attitudes towards physics changed significantly in the positive direction, away from the 
folk view of physics and towards the expert view of physics. However, student attitudes 
towards computers changed significantly from a more positive view of computers prior to 
the study, to a less positive outlook after the study. A post hoc analysis of gains in student 
conceptual understanding, student attitudes towards computers, and student attitudes 
towards physics as related to gender, mathematics courses taken, and computer 
experience indicated there were no significant correlations. However, this does not rule 
out these factors as influences on the changes observed in both student attitudes towards 
computers and physics. 
Students’ conceptual understanding of physics was measured by their 
performance on the Force and Motion Conceptual Evaluation (FMCE). There was no 
significant difference found between students’ pretest scores and posttest scores on the 
FMCE. In addition, the average normalized gain for students participating in this study 
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using computer simulations was significantly lower than gains reported in previous 
research for students using hands-on activities. There were no significant relationships 
found between the students’ performance on the concept test and their attitudes towards 
either physics or computers. There was no significant relationship found between the 
students’ attitudes towards physics and their attitudes towards computers.  
Discussion 
Changes in student attitudes. Student attitudes towards physics, as measured by 
the total score on the Views About Science Survey (VASS), showed a significant change 
(t(68) = -2.791, p = .007 (two-tailed)). Students’ post-treatment scores were higher than 
the pretreatment scores. This corresponds to a movement away from the folk view of 
science towards the expert view of science or the expert-profile. As shown in the post hoc 
analysis of the VASS subsets (see Table 5) the significant changes occurred in two 
dimensions. The first was structure, or the understanding that science is a coherent body 
of knowledge about patterns in nature revealed by careful examination. The second 
occurred in the dimension of reflective thinking, or understanding that one must examine 
situations in many ways and reconstruct new subject knowledge in one’s own way rather 
than memorizing facts and procedures as given. The ability to repeat the simulated 
experiments, quickly and easily with slight variations might make it easier to recognize 
patterns in the phenomena being investigated. The organization of the simulated MBL 
learning activities used questions and prompts to encourage students to be continuously 
reflective on the phenomena they observed and the interrelationships between different 
observations. Therefore it is not surprising that the overall changes in attitudes towards 
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science can be attributed to the dimensions of structure and reflective thinking on the 
VASS instrument. 
The overall VASS results in this study are interesting in light of a comment by the 
author of the science attitudes survey who reported that in the administration of this 
survey to over two thousand high school students, there was no significant difference 
between pretest and posttest scores in the same high school grade level (I. A. Halloun, 
personal communication, August 1, 2001). This change might be explained as a positive 
effect of the use of the simulation environment, which was not normally employed to a 
large extent in physics instruction at the test site. However, other researchers have found 
virtually no change in student attitudes between high school and the first two years of 
college (Halloun & Hestenes, 1996). On a less optimistic note, this change may indicate 
that the responses given by students in this research study did not receive their full 
attention. Students were informed that their performance on the study instruments did not 
count as part of their grade. Perhaps this factor was not sufficiently emphasized, or 
perhaps students were skeptical even after being told it didn’t count. It is also possible 
that it was over-emphasized. With no grade for their work, where is the intrinsic 
motivation for students, who may be over extended to begin with, to perform their best. 
In retrospect, it may be more productive to emphasize the fact that the students’ 
participation is extremely valuable in improving the quality of instruction. For this reason 
we ask them to give the full measure of their attention, and in response we will not count 
their scores towards their grade. 
Student attitudes towards computers, as measured by the Loyd-Gressard 
Computer Attitude Scale (CAS), also showed a significant change over the course of the 
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study. Students’ pretreatment scores were significantly higher than their post-treatment 
scores (t(66) = 2.495, p = .015 (two-tailed)). The change in students’ attitudes towards 
computers would seem to indicate that the experience with computers gained through 
participation in this study has produced a less positive attitude towards computers. In 
fact, there are significant changes in students attitudes on both the anxiety subscale (t(66) 
= 2.004, p = .049 (two-tailed)) and the usefulness subscale (t(66) = 3.132, p = .003 (two-
tailed)) as shown in Table 6. 
These results indicate increased anxiety towards computer use and a less positive 
attitude towards the usefulness of the computer. One possible explanation for these 
unexpected results is that they are related to the fact that these simulated MBL activities 
were presented as additional assignments which would require additional time and 
energy. At the same time students were told that the assignments did not have any impact 
on their grades for the physics course. Perhaps the requirement to do additional work for 
which there was no apparent reward increased students’ anxiety and contributed to 
students’ negative attitudes towards using computers. 
Changes in student conceptual understanding. In this study, student conceptual 
understanding was analyzed as related to the use of computer simulations of 
microcomputer-based laboratories, students’ attitudes towards physics, and students’ 
attitudes towards computers. Results of the Force and Motion Conceptual Evaluation 
(FMCE) indicated there was no significant difference between students’ pretest scores 
and students’ posttest scores (t(65) = .739, p = .463 (two-tailed)). The gains in conceptual 
understanding made by the students in this study, using computer simulations of MBL 
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experiments, were significantly lower than those reported in previous research for 
students conducting the hands-on MBL activities. 
Thornton and Sokoloff (1990) demonstrated that high school students displayed 
improved conceptual understanding after using selected MBL tools in a carefully 
constructed curriculum. Error rates for the kinematics portion of their assessment dropped 
dramatically. Most students receiving traditional lecture/recitation instruction missed all 
but the simplest of the five velocity questions after instruction, while the error rates 
dropped below 10% on all questions after the active engagement MBL experience. The 
performance of students participating in this study is similar to that of students in 
traditional lecture/recitation or passive learning curricula in that there was no real 
improvement in their conceptual understanding as measured with the same assessment. 
The simulations were designed to provide students with empirical data. Together 
with group discussion and consensus building, students should be able to develop 
Newtonian explanations for physical situations about which they may be harboring 
misconceptions. The failure to form Newtonian conclusions could be attributed to some 
breakdown in the group discussions, resulting in a failure to form a consensus, or a 
failure by the simulation to provide the necessary empirical data. 
The lack of significant gains is surprising given that Thornton (2003) has reported 
gains in student conceptual understanding, identified through reduced error rates on 
FMCE items, after the use of WebILD’s. These are Interactive Lecture Demonstrations 
(ILD) adapted for use on the Worldwide Web using Quicktime™ movies to reproduce 
the MBL activities, and are conceptually similar to the MBL simulations employed here. 
Tao and Gunstone (1997) demonstrated that computer-supported collaborative learning 
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can lead to conceptual understanding for students who are cognitively engaged in the 
tasks. In addition, research on student attitudes (Perkins et al., 2004) indicates that 
students with positive attitudes, and those with positive attitude shifts, are more likely to 
achieve high learning gains. The relation of VASS profiles to student achievement has 
been demonstrated by Halloun (1996) and Halloun and Hestenes (1996). They have 
shown a clear correlation between performance on the Force Concept Inventory (FCI), an 
instrument for assessing conceptual understanding of Newtonian mechanics, and VASS 
pretest scores. Their research showed that 65% of students who began their physics 
course with a VASS expert profile achieved high gains (greater or equal to .52) while 
45% of students who started with a VASS folk profile achieved low gains (less than .23). 
However, this study showed there were no significant correlations found between the 
gains in students’ conceptual understanding of physics and their attitudes towards physics 
or computers. There were no significant correlations between students’ attitudes towards 
computers and their attitudes towards physics. A further analysis of relationships between 
VASS profiles and conceptual gains is warranted, but this analysis is beyond the scope of 
this study. 
There are two possible explanations for the lack of significant gains in student 
conceptual understanding through the use of computer simulations of MBL experiments. 
The lack of gains in students’ conceptual understanding may be an indication that the 
simulation environment used in this study is not effective in changing conceptual 
understanding. Is the lack of gain an artifact of the type or quality of simulation used, i.e. 
would a photorealistic simulation work better? A second possible explanation for the lack 
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of significant gains in students’ conceptual understanding may be that this study was 
incapable of confirming the gains due to some limitation in its design. 
Limitations of the Study 
 The use of computer simulations to reproduce physical events is inherently 
limited by the capabilities of the simulation environment. The curriculum that was chosen 
for emulation, the Tools for Scientific Thinking, focuses on providing empirical data for 
students in a graphical format that is easy to interpret. The first three experiments, 
focusing on kinematics, were modified from their original form involving walking in 
front of the motion detector. This activity was replaced by rolling collision carts on a 
dynamics track. This use of dynamics carts was employed for the remaining experiments 
in the original curriculum as well as the simulations.  
The simulation was programmed to provide the required motion i.e. motion with 
constant velocity or motion with constant acceleration. The students were only required 
to press a start button and observe the motion, although they could vary the initial 
velocity of the cart. This behavior is in contrast to the majority of the force activities 
where the full capabilities of the simulation environment were used. In these activities the 
physical set up was constructed and the simulation software was allowed to determine the 
motion of the cart. The resulting data was then displayed as it would be in the actual 
experiments. 
Aside from the limitations of the simulation environment, the study was further 
limited by the inability of the researcher to observe and record the interactions between 
the students within each group and the interactions between the students and their 
teacher. Interactive engagement activities rely heavily on peer discussions and 
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interactions. The relocation of the study greatly reduced the ability of the researcher to 
observe these interactions. The possibility of audio recording the group interactions was 
considered briefly. The curriculum was being employed in all of the participating 
teacher’s classes, but only data from participating students was being analyzed. This 
resulted in logistical problems regarding audio recording students who had not consented 
to the study. For this reason the audio recording of group discussions was abandoned. 
Therefore no data regarding the discussions between students in each group or possible 
interactions between the instructor and the group was available. 
Research on the relationship between students’ mathematical preparation and 
their conceptual learning gains in physics courses has shown there is a strong positive 
correlation between these factors (Meltzer, 2002). This relationship remains unexplored 
in this study due to a lack of pretreatment mathematics data. 
Implications for Future Research 
The quantitative research paradigm was selected for the study, using the FMCE as 
a measure of student conceptual understanding. This was based partially on the 
assumption that successful prior research on the use of computers in promoting 
conceptual understanding should apply to the current study and the availability of prior 
research performed pertaining to MBL experiments using the FMCE as an assessment of 
student conceptual understanding.  
The simulations employed in this study were developed by the researcher using a 
commercially available and widely used physics simulation environment called 
Interactive Physics. These simulations were enhanced using digital images of the actual 
MBL sensors and laboratory equipment. While this environment is physically accurate it 
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does lack a more realistic appearance. The WebILD system being tested by Thornton 
(2003) uses QuickTime™ movies of actual demonstrations which are viewed after the 
students make their predictions and preliminary discussions. In one sense this is less 
flexible than the simulation environment, which allows students to alter the parameters of 
the experiment, although it does offer a more realistic appearance not available with the 
simulation software. Photorealistic simulations are possible, however the creation of this 
type of simulation is more complicated and beyond the current capabilities of the 
researcher. Development of this type of simulation should be pursued to determine the 
effects of a more realistic visual display. In addition, before the revised versions of the 
MBL simulations are used for future research, they should be reviewed by a panel of 
physics educators to validate their accuracy and utility. 
The failure to produce substantial gains in students’ conceptual understanding 
compels us to probe deeper into the two main components of the study in an attempt to 
find the possible causes. One main component is the collaborative interaction of the 
members of the group. The research design employed in this study did not allow for 
monitoring this interaction. We assume the students are discussing the conditions 
encountered in the experiments because we ask them to do so. This discussion phase is 
where students resolve their cognitive conflicts. Through discussion and review of the 
data, they revise their current schemata to accommodate the Newtonian perspective. The 
second component is the students’ acceptance of the simulation as reality or the 
suspension of disbelief. If the students do not believe the situations observed in the 
simulations are realistic, then there can be little cognitive conflict in accepting what they 
witness as real and hence overturn their prior misconceptions. The use of photorealistic 
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simulations or advanced computer graphics may facilitate this acceptance. Look, for 
example, at special effects in movies. There is no need to suspend disbelief, since the 
effects are so real there is never a point where we disbelieve. 
While demographic information was collected regarding the number of 
mathematics courses taken, the level of mathematics was not requested. The large 
number of variations possible in high school mathematics courses reduces the usefulness 
of the simple number of course completed. Also, a mathematics pretest such as the ACT 
Mathematics Test may be helpful in establishing correlations between students’ initial 
mathematics knowledge state and their achievement on the physics concept assessment. 
A better orientation for the participating teacher to the materials and methods may 
be required to facilitate the students’ use of the materials. Direct observation of the 
students interacting with each other and the simulations would facilitate any 
modifications to the written protocols or simulations, and may provide valuable insight 
into how the students struggle with any disparities encountered. The optimal setting for 
these observations would be a small group qualitative study. This setting could provide 
the information required to formulate new research questions for further study. 
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Appendix A: Tools for Scientific Thinking Protocols  
 
 
 
 
The Tools for Scientific Thinking curriculum and the representative activities 
included in this appendix where created by David R. Sokoloff and Ronald K. Thornton. 
These materials are copyrighted by Tufts University and are published by Vernier 
Software & Technology. 
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INTRODUCTION TO MOTION 
Investigation 1:  Distance(Position)-Time Graphs of Your Motion 
To find out How you can measure your motion with a motion detector 
 How your motion looks as a distance (position)-time graph 
Materials Logger Pro software  
 motion detector 
 Universal Laboratory Interface (ULI)  
 number line on floor in meters (optional) 
Introduction In this investigation, you will use a motion detector to plot a distance 
(position)-time graph of your motion.  As you walk (or jump, or run), 
the graph on the computer screen displays how far away from the 
detector you are. 
 • "Distance" is short for "distance from the motion detector."   
 • The motion detector is the origin from which distances are 
measured. 
 • It detects the closest object directly in front of it (including your arms 
if you swing them as you walk).   
 • It will not correctly measure anything closer than 1/2 meter.  When 
 making your graphs don't go closer than 1/2 meter from the motion 
detector. 
Activity 1 Making Distance-Time Graphs 
 1. Open the Logger Pro program.  To start the program, open 
the experiment file MIN1A1 from the Tools for Scientific 
Thinking folder.  The graph axes should appear on the 
screen.  The distance will be 2.5 meters with an experiment 
length of 12 seconds. (Be sure the ULI is connected to the 
computer and turned on, and the motion detector is plugged 
into port #2.) 
 2. When you are ready to start graphing distance, click once on 
the Collect "button" in the bottom left-hand corner of the 
screen.   
 3. Adjust the distance reading.  If you have a number line and 
you want the detector to produce readings that  agree, stand 
at the 2-meter mark on the number line and have someone 
move the detector until the reading is 2 meters. 
 4.  Make distance-time graphs for different walking speeds and 
directions.
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a. Start at the 1/2-meter mark and make a  
distance/time graph, walking away from the 
detector (origin)                                   
Sketch the graph on the right.
D 
i 
s 
t 
 
m 
T i m e (sec) 
slowly and steadily.
 
 
b.
T i m e (sec) 
Make a  distance/time graph, 
walking away from the detector 
(origin) 
Sketch the graph.
D 
i 
s 
t 
 
m medium fast and steadily.
 
 
D 
i 
s 
t 
 
m 
c. Make a distance/time graph, 
walking toward the detector 
(origin) 
Sketch the graph.
T i m e (sec) 
d. Make a distance/time graph, 
walking toward the detector 
(origin) 
Sketch the graph.
T i m e (sec) 
D 
i 
s 
t 
 
m 
slowly and steadily.
medium fast and steadily.
 
Questions Describe the difference between the graph you made by walking 
away slowly and the one made by walking away more quickly. 
(Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
 Describe the difference between the graph made by walking 
toward and the one made walking away from the motion 
detector.  (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
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Prediction Predict the graph produced when a person starts at the 1-meter 
mark, walks away from the detector slowly and steadily for 4 
seconds, stops for 4 seconds, and then walks toward the 
detector quickly.  Draw your prediction on the left axes on the 
next page using a dotted line.  
 Compare predictions with the rest of your group.  See if you can 
all agree.  Draw your group's prediction on the left hand axes 
using a solid line. (Do not erase your original prediction.)  
PREDICTION FINAL RESULT
D 
i 
s 
t 
 
 
m
T i m e  (sec)
2
1
4 8 12
D 
i 
s 
t 
 
 
m
T i m e  (sec)
2
1
4 8 12
 
 5.  Do the experiment.  Move in the way described and graph your motion.  
When you are satisfied with your graph, draw your group's final result on 
the right axes. 
Question Is your prediction the same as the final result?  If not, describe 
how you would move to make a graph that looks like your 
prediction.  (Q3) 
 ___________________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 2 Matching a Distance Graph 
 In this activity you will match a distance graph shown on the 
computer screen. 
 1. Display the distance graph on the screen.  Open the 
experiment file M1IN1A2 from the Tools for Scientific 
Thinking folder.  The distance graph below will appear on the 
screen.     
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0
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e 
(m
)
Time (seconds)
 
  This graph is stored in the computer as Run 1.  New data from the 
motion detector are always stored as Latest Run, and can therefore be 
collected without erasing  the Distance Match graph.  (Clear any data 
remaining from previous experiments in Latest Run by selecting Delete 
Latest Run from the Data Menu.)  
 2. Move to match the distance graph shown on the computer screen.  You 
must move to duplicate the Distance Match graph.  You may try a 
number of times.  Work as a team.  Get the times right.  Get the 
distances right.  Each person should take a turn. 
Question What was the difference in the way you moved to produce the 
two differently sloped parts of the graph you just matched?  (Q4) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 3 Other Distance-Time Graphs 
 Open the experiment file M1IN1A3 from the Tools for Scientific 
Thinking folder.  A distance-time graph should appear on the 
screen. The distance will be 4 meters with an experiment length 
of 20 seconds.  
 1. Make up your own distance(position)-time graph.  Use 
straight lines, no curves.  Sketch the graph below with a 
dashed line.  Now see how well someone in your group can 
duplicate this graph on the screen. 
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4 8 12 16 20
0
-
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Draw the best attempt by a group member to match your distance-time 
graph on the same axes.  Use a solid line. 
 2. Can you make a curved distance-time graph?  Try to make 
each of the graphs shown below. 
 
D 
i 
s 
t
T i m e
D 
i 
s 
t
T i m e
D 
i 
s 
t
T i m e
 
 Graph 1 Graph 2
 Graph 3 
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Describe how you must move to produce a distance-time graph 
with each of the shapes shown. 
 Graph 1 
answer:____________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 Graph 2 
answer:____________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 Graph 3 
answer:____________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
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INTRODUCTION TO MOTION 
Investigation 2:  Velocity-Time Graphs of Your Motion 
 
To find out The connection between velocity and your actual motion 
 How your motion looks as a velocity-time graph 
Materials Logger Pro software  
 motion detector 
 Universal Laboratory Interface (ULI)  
 number line on floor in meters (optional)  
Introduction You have already plotted your distance (position) from the motion detector as 
a function of time.  You can also plot how fast you are moving.  How fast you 
move is your speed .  It is the rate of change of distance with respect to time.  
Velocity takes into account your speed and the direction you are moving.  
When you measure motion along a line, velocity can be positive or negative. 
Activity 1 Making Velocity Graphs 
 1. Set up to graph velocity.  Open the experiment file M1IN2A1 
from theTools for Scientific Thinking folder.  A velocity-time 
graph below will appear on the screen.  The velocity will 
range from -1 to 1 meter per second with an experiment 
length of 5 seconds.  
 2. Graph your velocity for different walking speeds and 
directions. 
    a. Make a velocity graph by walking away from the detector 
slowly and steadily .  Try again until you get a graph 
you're satisfied with.   
  You may want to change the velocity scale so that the 
graph fills more of the screen and is clearer.  To do this, 
double click anywhere on the graph and change the 
velocity range. 
  Sketch your result below. (Just draw smooth patterns; 
leave out smaller bumps that are mostly due to your 
steps.) 
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 b. Make a velocity graph, walking  away from the detector medium fast 
and steadily.  Sketch your graph. 
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 c. Make a velocity graph, walking toward the detector slowly and 
steadily.  Sketch your graph. 
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 d. Make a velocity graph, walking toward the detector medium fast and 
steadily .  Sketch your graph. 
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Questions What is the most  important difference between the graph made 
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by slowly walking away from the detector and the one made by 
walking away more quickly?  (Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
 How are the velocity-time graphs different for motion away and 
motion toward the detector?  (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
 
3.Predict a velocity graph for a more complicated motion and 
check your prediction. 
 a. Each person draw below, using a dotted line, your 
prediction of the velocity graph produced if you— 
  • walk away from the detector slowly and steadily for 10 
seconds 
  • stop for 4 seconds 
  • walk toward the detector steadily about twice as fast as 
before 
 b. Compare predictions and see if you can all agree.  Use a 
solid line to draw in your group prediction. 
    Prediction 
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 4. Do the experiment.  (Be sure to adjust the time scale to 20 
seconds. To do this click on the 5 on the time axis and 
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change the time scale.)  Repeat your motion until you think it 
matches the description.   
  Draw the best graph on the axes below.  Be sure the 4-
second stop shows clearly. 
   Final Result 
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Comment How fast you move is your speed, the rate of change of distance 
with respect to time.  Velocity implies both speed and direction.   
As you have seen, for motion along a line (the positive x axis) 
the sign (+ or -) of the velocity indicates the direction.  If you 
move away from the detector (origin), your velocity is positive, 
and if you move toward the detector, your velocity is negative. 
 The faster you move away from the origin, the larger positive 
number your velocity is.  The faster you move toward the origin, 
the "larger" negative number your velocity is.  That is -4 m/s is 
twice as fast as -2 m/s and both motions are toward the origin.  
Activity 2 Matching a Velocity Graph 
 In this activity, you will move to match a velocity graph shown 
on the computer screen.   
 1. Display the velocity graph on the screen.  Open the 
experiment file M1IN2A2 from the Tools for Scientific 
Thinking folder.  A velocity-time graph below will appear on 
the screen.  The velocity will range from -1 to 1 meter per 
second with an experiment length of 20 seconds.  
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 2. Move so as to imitate this graph.  You may try a number of 
times.  Work as a team and plan your movements.  Get the 
times right.  Get the velocities right.  Each person should 
take a turn.   
  Draw in your group's best match on the axes above. 
Questions Describe how you moved to match each part of the graph.  (Q3) 
 ___________________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 Is it possible for an object to move so that it produces an 
absolutely vertical line on a velocity time graph?  Explain.  (Q4) 
 ___________________________________________________ 
 ___________________________________________________ 
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INTRODUCTION TO MOTION 
Investigation 3:  Distance and Velocity Graphs 
To find out The relationship between distance-time and velocity-time graphs. 
Materials Logger Pro software  
 motion detector 
 Universal Laboratory Interface (ULI) 
 number line on floor in meters (optional) 
Introduction You have looked at distance and velocity-time graphs 
separately.  Now you will see how they are related. 
Activity 1 Predicting Velocity Graphs from Distance Graphs 
 1. Set up to graph Distance and Velocity.  Open the experiment 
file M1IN3 from the Tools for Scientific Thinking folder.  A 
distance-time graph and velocity- time graph will appear on 
the screen.  The distance will be 4 meters, the velocity will 
range from -1 to 1 meter per second with an experiment 
length of 5 seconds.  Clear any previous data on the graphs 
by selecting Clear All Data from the Data menu.   
   2. Predict a velocity graph from a distance graph.  Carefully 
study the distance graph shown below and predict the 
velocity-time graph that would result from the motion.  Using 
a dotted line, sketch your pre-diction of the corresponding 
velocity-time graph on the velocity axes. 
 3. Make the graphs.  After each person has sketched a 
prediction, Collect, and do your group's best to make a 
distance graph like the one shown below.  Walk as smoothly 
as possible. 
  When you have made a good duplicate of the distance 
graph, sketch your actual graph over the existing distance-
time graph. 
  Use a solid line to draw the actual velocity graph on the 
same graph with your prediction.  (Do not erase your 
prediction). 
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Questions How would the distance graph be different if you moved faster?  
Slower?  (Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
 How would the velocity graph be different if you moved faster?  
Slower? (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 2 Estimating and Calculating Velocity 
 In this activity, you will estimate an average velocity from the 
velocity graph in Activity 1 and then calculate an average 
velocity using your distance graph . 
 1. Estimate your  average velocity from your velocity graph in 
Activity 1.   You are to estimate an average value for velocity 
while you were walking steadily in Activity 1.  Select 
Examine in the Analyze Menu, read a number of values (say 
ten) from the velocity graph, and use them to calculate the 
average (mean) velocity. 
  Velocity values read from graph (m/s): ____  ____  ____  
____  ____   
     ____  ____  ____  
____  ____ 
  Average value of the velocity: _______m/s 
Comment Average velocity during a particular time interval is the change 
of distance divided by the change in time.   By definition, this is 
also the (average) slope of the distance-time graph for that time 
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period.   
 As you have observed, the faster you move, the more inclined is 
your distance-time graph.  The slope of a distance-time graph is 
a quantitative measure of this incline, and therefore it tells you 
the velocity of the object. 
 2. Calculate your average velocity from your distance graph in 
Activity 1.  Use Examine to read the distance and time 
coordinates for two typical points while you were moving.  
For a more accurate answer, use two points as far apart as 
possible but still typical of the motion, and within the time 
interval over which you took velocity readings in (1).)  
  Point 1 Distance _______ m Time ________ sec 
  Point 2 Distance _______ m Time ________ sec 
  Calculate the change in distance between points 1 and 2.  
Also calculate the corresponding change in time (time 
interval).  Divide the change in distance by the change in 
time to calculate the average velocity.  Show your 
calculations below.  
    Change in distance:_______m  Change in 
time:_______sec 
  Average velocity :_______m/s 
 
 3. Draw in the average velocity you just calculated on the 
velocity graph in Activity 1. 
Questions Is the average velocity positive or negative?  Is this what you 
expected?  (Q3) 
 __________________________________________________ 
 
 Does the average velocity you just calculated from the distance 
graph agree with the average velocity you estimated from the 
velocity graph?  Do you expect them to agree?  How would you 
account for any differences?  (Q4) 
 __________________________________________________ 
 __________________________________________________ 
Activity 3 Predicting Distance Graphs from Velocity Graphs 
 1. Predict a distance(position)-time graph from a velocity-time 
graph.  Carefully study the velocity graph below.  Using a 
dotted line, sketch your prediction of the corresponding 
distance graph on the bottom set of axes.  (Assume that you 
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started at the 1-meter mark.) 
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 2. Make the graphs.  After each person has sketched a 
prediction do your group's best to duplicate the top (velocity-
time) graph by walking.  Reset the Time axis to 0 to 10 sec 
before you start. (Click on the 5 on both of the graphs and 
enter the new time). 
  When you have made a good duplicate of the velocity-time 
graph, draw your actual result over the existing velocity-time 
graph. 
  Use a solid line to draw the actual distance-time graph on 
the same axes with your prediction. (Do not erase your 
prediction.) 
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Questions How can you tell from a velocity-time graph that the moving 
object has changed direction?  (Q5) 
 ___________________________________________________ 
 ___________________________________________________ 
 What is the velocity at the moment the direction changes?  (Q6) 
 ___________________________________________________ 
 ___________________________________________________ 
 Is it possible to actually move your body (or an object) to make 
the vertical lines on the velocity graph you were trying to match?  
Why or why not?  (Q7) 
 ___________________________________________________ 
 ___________________________________________________ 
 Is it possible to actually move your body (or an object) to make 
vertical lines on a distance-time graph?  Why or why not?  What 
would the velocity be for a vertical section of a distance-time 
graph?  (Q8) 
 ___________________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 How can you tell from a distance-time graph that your motion is 
steady (motion at a constant velocity)?  (Q9) 
 ___________________________________________________ 
 ___________________________________________________ 
 How can you tell from a velocity-time graph that your motion is 
steady?  (Q10) 
 ___________________________________________________ 
 ___________________________________________________ 
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INTRODUCTION TO MOTION-CHANGING MOTION 
 
           Investigation 4:  Velocity and Acceleration Graphs 
 
To find out How and when objects accelerate 
 The meaning of acceleration, its magnitude and direction 
 The relationship between distance, velocity and acceleration graphs 
Materials Logger Pro software  
 motion detector 
 Universal Laboratory Interface (ULI)  
 cart or toy car with adjustable friction 
 smooth board or table top about 2-3 meters long 
 low friction pulley, string, a variety of hanging masses 
Introduction Acceleration is the time rate of change of velocity.  Any time the velocity 
changes, there is an acceleration.  In this investigation you will look at 
velocity and acceleration graphs of the motion of a cart (or toy car) rolling on 
a ramp. 
Activity 1 Speeding Up 
 In this activity you will look at graphs of the motion of a cart 
when its speed is changing. 
 1. Set up to graph distance and velocity.  Open the experiment 
file M2IN4A1 from the Tools for Scientific Thinking folder.  A 
velocity-time graph and a distance- time graph will appear on 
the screen.  The distance will be 0 to 2 meters, the velocity 
from -1 to 1 m/sec with an experiment length of 3 seconds.   
 2. Set up the cart, ramp, pulley and motion detector as shown 
below.   
.5 m
At least 1.5 m 
to floor
<
<
 
  Be sure that the cart has minimum friction.  (If the cart has a 
friction pad, make sure that it is not in contact with the table.)  
Make a mark .5 m in front of the motion detector, and be 
sure that the cart never gets closer than this mark. 
  Use a distance graph to make sure that  the detector can 
"see" the cart all the way to the end of the board.  You may 
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need to tilt the detector up slightly. 
  Hang a small mass from the end of the string--say 50 grams-
-which will cause the cart to speed up, when it is released.  
Hold the front of the cart until you are ready to graph.   
 3. Make distance and velocity graphs.  Single click on the 
velocity graph to plot velocity first.  Click on Collect to begin 
graphing.  When you hear the clicks of the motion detector, 
release the cart from rest.  Repeat, if necessary, until you 
get a nice set of graphs.  
  Change the distance and velocity scales if necessary so that 
the graphs fill the axes.  (Double click on a graph to make 
changes.)  Move your graphs to Run 1 for later 
comparisons, using Store Latest Run in the Data menu  
  Also save your data for analysis in Investigation 2.  (Select 
Save As... on the File Menu, name your file 
SPEEDUP1.XXX, where XXX are your initials, then click on 
Save.) 
  Sketch your distance and velocity  graphs neatly below.  
Label the graphs "Speeding Up."(Ignore the acceleration 
axes for now.) 
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Questions How does your distance graph differ from the distance graphs 
for steady (constant velocity) motion from earlier investigations?  
(Q1) 
 ___________________________________________________ 
 What about your velocity graph shows that  the motion was 
away from the detector?  (Q2) 
 ___________________________________________________ 
 What about your velocity graph shows that the cart was 
speeding up?  How would a graph of motion with a constant 
velocity differ?  (Q3) 
 ___________________________________________________ 
 4. Display velocity and acceleration.  Click the Distance label 
on the distance-time graph and check Latest and Run 1 by 
acceleration.  Check off the boxes beside distance.  Click on 
OK.  Adjust the acceleration scale so that your graph fills the 
axes.  Sketch your graph on the acceleration axes on the 
previous page, and label it "Speeding Up.".  
Questions During the time that the cart is speeding up, is the acceleration 
positive or negative?  How does speeding up while moving 
away from the detector result in this sign of acceleration?  Hint:  
Remember that acceleration is the rate of change of velocity.  
Look at how the velocity is changing.  (Q4) 
 ___________________________________________________ 
 ___________________________________________________ 
 How does the velocity vary in time as the cart speeds up?  Does 
it increase at a steady rate or in some other way? (Q5) 
 ___________________________________________________ 
 ___________________________________________________ 
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 How does the acceleration vary in time as the cart speeds up?  
Is this what you expect based on the velocity graph?  Explain.  
(Q6) 
 ___________________________________________________ 
 ___________________________________________________ 
Predictions Suppose that you use a larger hanging mass to accelerate the 
cart.  How would the acceleration of the cart be different?   
 ___________________________________________________ 
 How would your velocity and acceleration graphs be different?  
Sketch your predictions with a dashed or different color line on 
the axes on page 4-2. 
 Test your prediction. 
 5. Make velocity and acceleration graphs.  Repeat the 
experiment.  This time accelerate the cart with a hanging 
mass twice as large as before.  Repeat if necessary to get 
nice graphs.  (Leave the original graphs in Store Latest 
Run.) When you get a nice set of graphs, save your data 
(Run 1) for analysis in Investigation 2 as SPEEDUP2.XXX.   
  Sketch your velocity and acceleration graphs on the axes on 
page 4-2, and label them "Speeding Up More." 
Questions Did the shapes of your velocity and acceleration graphs agree 
with your predictions?  How is the magnitude (size) of the 
acceleration represented on a velocity-time graph? (Q7) 
 ___________________________________________________ 
 How is the magnitude (size) of the acceleration represented on 
an acceleration-time graph?  (Q8)  
 ___________________________________________________ 
Activity 2 Slowing Down 
 When you give a cart with friction a push, it will slow down after 
it is released.  In this activity you will examine the velocity and 
acceleration of this motion. 
Predictions If you give a cart with friction a push away from the motion 
detector and release it, will the acceleration be positive, 
negative or zero (after it is released)?                                                            
 ___________________________________________________ 
 Sketch your predictions for the velocity-time and acceleration-
time graphs. 
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 Test your predictions. 
 1. Set up the cart, ramp and motion detector.  The setup should 
be as in Activity 1, only the string and pulley will no longer be 
needed.    
  Adjust the friction pad so that there is a significant amount of 
friction, but be sure that the wheels still roll smoothly.  Use 
this same cart for the rest of this investigation.  
 2. Graph the velocity and acceleration of the cart  coasting 
away from the detector on the level track.  Open the 
experiment file M2IN4A2 from the Tools for Scientific 
Thinking folder.  A velocity-time graph and a acceleration-
time graph will appear on the screen.  The velocity will range 
from -1 to 1 m/sec, the acceleration from -2 to 2 m/sec/sec 
with an experiment length of 5 seconds.  Start with the back 
of the cart at the .5 meter mark.  When you begin to hear the 
clicks from the motion detector, give the cart a gentle push 
away from the detector and let it coast to a stop near the end 
of the track.  (Be sure that your hand is not between the cart 
and the detector.)  
  You may have to try a few times to get a good run.  Don't 
forget to change the scales if this will make your graphs 
clearer. 
  Sketch your results neatly on the axes below.  Also sketch 
the velocity and acceleration graphs for Speeding Up from 
Run 1.  (From the last activity.  Keep the graphs in Run 1)  
Label the graphs "Slowing Down Moving Away" and 
"Speeding Up Moving Away."   
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 Label your graphs with— "A" at the spot where you started pushing. 
    "B" at the spot where you stopped pushing. 
    "C" at the spot where the cart stopped 
coasting. 
Questions Did the shapes of your velocity and acceleration graphs agree 
with your predictions?  How is the sign of the acceleration 
represented on a velocity-time graph?  (Q9) 
 ___________________________________________________ 
 ___________________________________________________ 
 How is the sign of the acceleration represented on a 
acceleration-time graph?  (Q10) 
 ___________________________________________________ 
 Is the sign of the acceleration what you predicted?  How does 
slowing down while moving away from the detector result in this 
sign of acceleration?  Hint:  Remember that acceleration is the 
rate of change of velocity.  Look at how the velocity is changing.  
(Q11) 
 ___________________________________________________ 
 ___________________________________________________ 
 Based on your observations up until now, state a general rule to 
predict the sign of the acceleration if you know the sign of the 
velocity (i.e., the direction of motion) and whether the object is 
speeding up or slowing down.   (Q12) 
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 ___________________________________________________ 
 ___________________________________________________ 
Predictions Suppose instead you start with the cart (with friction) near the 
end of the ramp, and give it a push towards the detector.  If the 
cart moves toward the detector and slows down, will the 
acceleration be positive or negative?  (Use your general rule in 
question 12.) 
 ___________________________________________________ 
 Sketch your predictions for the velocity-time and acceleration-
time graphs. 
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 Test your predictions.   
 3. Graph the cart moving towards the detector and slowing 
down.  Graph velocity first.  Collect the data.  Give the cart a 
gentle push towards the motion detector and release it.  The 
cart should come to rest as close to the detector as possible, 
but no closer than .5 m.  
  Sketch these graphs on the same velocity and acceleration 
axes you used before on page 4-5.  Label these graphs as 
"Slowing Down Moving Toward." 
Questions How does your velocity graph show that the cart was moving 
toward  the detector?  (Q13) 
 ___________________________________________________ 
 During the time  that the cart was slowing down, is the 
acceleration positive or negative?  Does this agree with your 
prediction?  Explain how slowing down while moving toward  the 
detector results in this sign of acceleration.  Hint:  Look at how 
the velocity is changing.  (Q14) 
 ___________________________________________________ 
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 ___________________________________________________ 
 Was your general rule in question 12 correct?  If not, modify it 
and restate it here.  (Q15) 
 ___________________________________________________ 
 ___________________________________________________ 
  
 There is one more possible combination of velocity and 
acceleration for the cart, moving towards the detector and 
speeding up.  Use your general rule to predict the sign of the 
acceleration in this case.  Explain why the acceleration should 
have this sign in terms of the sign of the velocity and how the 
velocity is changing.  (Q16) 
 ___________________________________________________ 
Prediction How would you push the cart with friction to make it move with a 
steady speed? 
 ___________________________________________________ 
Activity 3 Velocity and Acceleration of a Cart Moving at a Steady 
Speed 
 Graph the motion of the cart on the level ramp again.  First  
clear your previous  graphs from the screen. (Select Clear All 
Data from the Data menu).  Keep the friction the same as 
before.  This time, hold the cart and push it so that it moves 
away from the detector with a constant velocity.  Try several 
times until you get a fairly constant velocity.  Sketch your results 
on the axes below. 
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Questions Why was the steady push needed to make the cart move with a 
constant velocity?  (Q17) 
 ___________________________________________________ 
 ___________________________________________________ 
 Compare the average acceleration of the cart to the average 
acceleration when the cart coasted to rest in Activity 2.  How is a 
constant velocity represented on an acceleration-time graph?  
(Q18) 
 ___________________________________________________ 
 ___________________________________________________ 
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INTRODUCTION TO MOTION--CHANGING MOTION 
Investigation 5:  Measuring Acceleration  
To find out How to calculate average acceleration from velocity and acceleration graphs 
Materials  Logger Pro software with data from Investigation 4 
Introduction In this investigation you will analyze quantitatively (using numbers) the 
motion of a cart accelerated along a ramp by a falling mass.  You will 
determine the cart's acceleration from your velocity-time graph and compare 
it to the acceleration read from the acceleration-time graph. 
Activity 1 Velocity and Acceleration of a Cart That Is Speeding Up 
 1. Load the data for the cart accelerated along the ramp with 
the smaller falling mass (Investigation 4, Activity 1) into Run 
1.  Select Open from the File Menu.  Double click on your 
SPEEDINGUP1.XXX file.  
 2. Sketch the velocity and acceleration graphs again below.  
Correct the scales if necessary. 
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 3. Calculate the average acceleration of the cart from your 
acceleration graph.  Select Examine from the Analyze 
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Menu.   
  Read a number of values (say ten) of the acceleration, which 
are equally spaced in time.  (Only use values from the 
portion of the graph after the cart was released and before 
the hanging mass reached the floor.) 
  Calculate the average value of the acceleration. 
  Accelerations from graph (m/s2): _____   _____   _____   
_____   _____   _____   _____   _____   _____   _____  
  Average acceleration (mean):  ________m/s2  
Comment Average acceleration during a particular time period is the 
change in velocity divided by the change in time.  This is the 
average rate of change of velocity.  By definition, the rate of 
change of a quantity graphed with respect to time is also the 
slope of the curve.  Thus the (average) slope of an object's 
velocity-time graph is the (average) acceleration of the object. 
 4. Calculate the average acceleration from your velocity graph.   
Calculate the slope of your velocity graph. Use Examine to 
read the velocity and time coordinates for two typical points 
on the velocity graph.  For a more accurate answer, use two 
points as far apart in time as possible but still during the time 
the cart was speeding up.  
  Point 1 Velocity _______ m/s Time ________ 
sec 
  Point 2 Velocity _______ m/s Time ________ 
sec 
  Calculate the change in velocity between points 1 and 2.  
Also calculate the corresponding change in time (time 
interval). Divide the change in velocity by the change in time.  
This is the average  acceleration.  Show your calculations 
below.      
  Change in velocity: _______ m/s   
  Time interval : _______ sec            
  Average acceleration : _______ m/s2   (Speeding Up) 
Questions Is the acceleration positive or negative?  Is this what you 
expected? (Q1) 
 ___________________________________________________
________ 
 Does the average acceleration you just calculated agree with 
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the average acceleration you calculated from the acceleration 
graph?  Do you expect them to agree?  How would you account 
for any differences?   (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 2 Speeding Up More 
 1. Load the data for the cart accelerated along the ramp with 
the larger falling mass (Investigation 4, Activity 1) into Latest 
Run.  Select  Open from the File Menu.  Double click on 
your SPEEDINGUP2.XXX file. 
  Display velocity and acceleration.  
 2. Sketch the velocity and acceleration graphs.  Use dashed 
lines on the axes on page 5-1.  
 3. Calculate the average acceleration of the cart from your 
acceleration graph.  Use Examine to read acceleration 
values.   
  Calculate the average value of the acceleration. 
  Accelerations from graph (m/s2): _____   _____   _____   
_____   _____   _____   _____   _____   _____   _____                  
  Average acceleration (mean):  ________m/s2 
 4. Calculate the average acceleration from your velocity graph.   
Calculate the slope of your velocity graph. Use Examine to 
read the velocity and time coordinates for two typical points.  
Remember to use two points as far apart in time as possible.  
  Point 1 Velocity _______ m/s Time ________ 
sec 
  Point 2 Velocity _______ m/s Time ________ 
sec 
  Calculate the average  acceleration. 
  Change in velocity: _______ m/s   
  Time interval : _______ sec            
  Average acceleration : _______ m/s2 (Speeding Up 
More) 
Questions Does the average acceleration calculated from velocities and 
times agree with the average acceleration you calculated from 
the acceleration graph?  How would you account for any 
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differences? (Q3) 
 ___________________________________________________ 
 ___________________________________________________ 
 Compare this average acceleration to that with the smaller 
falling mass (Activity 1).  Which is larger?  Is this what you 
expected?  (Q4) 
 ___________________________________________________ 
 ___________________________________________________ 
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INTRODUCTION TO MOTION--CHANGING MOTION 
Investigation 6:  Acceleration and Force 
To find out More about velocity and acceleration graphs 
 How forces affect the motion of objects  
Materials Logger Pro software  
 motion detector 
 Universal Laboratory Interface (ULI) 
 cart or toy car 
 board or table with adjustable tilt (2 or 3 m long) 
Introduction In the Investigations 4 and 5 you looked at velocity and 
acceleration graphs for objects with a changing velocity.  In this 
investigation you will look at some more examples of 
accelerated motion.  You also will look a bit closer at what 
causes acceleration. 
Activity 1 A Different Sort of Push 
 In a previous activity you pushed a cart  to make it roll on a level 
ramp at a constant speed.  Here you will produce motion at a 
constant speed in a different way.  
 1.  Set up the motion detector, ramp and cart.  Use a long board 
or a tilted table top.  The detector should be at one end, 
aimed toward the other.  Use a distance graph to make sure 
that the detector can "see" the cart all the way to the end of 
the board.  The cart should have significant friction, but 
should roll smoothly on all of its wheels. 
 
.5m
 
  Make a mark on the board 0.5 meter from the front of the 
detector, and always start the cart beyond this mark. 
 2. Prepare to graph velocity and acceleration.  Open the 
experiment file M2IN6 from the Tools for Scientific Thinking 
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folder.  An acceleration-time graph and a velocity-time graph 
will appear on the screen.  The velocity will range from -2 to 
2 m/sec, the acceleration from -2 to 2 m/sec/sec with an 
experiment time of 5 seconds.  
 3. Graph the velocity and acceleration of the cart rolling down 
the tilted ramp.  Adjust the tilt of the ramp carefully until the 
cart rolls at a steady (constant) velocity away from the 
detector.  You may need to give the cart a little push to get it 
rolling when it is correctly adjusted.  This will probably take 
many tries. 
  When the motion is nice and steady, and you are satisfied 
with your graphs, adjust the time, velocity and acceleration 
scales so that your graphs fill the axes.  Sketch the velocity 
and acceleration neatly on the axes below. 
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Questions Compare your graphs to those in Investigation 4 (Activity 3) for 
motion of the cart at a steady (constant) velocity on a level 
ramp.  Are the graphs similar in shape?  Would you expect them 
to be similar?  Why or why not?  (Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
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 What forces act on the cart as it rolls down the ramp at a 
constant speed?  Describe each below.  (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
 For the cart on the tilted ramp, which force is equivalent to your 
steady push along the level ramp in Investigation 4?  Is this 
force steady (constant)?  Does this force act on the cart when 
the ramp is level?  (Q3) 
 ___________________________________________________ 
 ___________________________________________________ 
Prediction How would the velocity-time and acceleration-time graphs be 
different if the cart had the same friction but the board was tilted 
to a larger angle? 
 ___________________________________________________ 
 ___________________________________________________ 
 Test your prediction. 
 
Activity 2 Cart Accelerating Down the Ramp 
 1. Graph the cart rolling down the ramp and speeding up.  Tilt 
the ramp more steeply so that the cart speeds up as it rolls 
down.  Keep the friction the same as before.  Let the cart 
start from rest.  A time scale of 5 sec should work.  Graph 
velocity and acceleration.  Be sure that you start the cart 
beyond the 0.5 meter mark.   
  Try to release the cart as soon as you hear clicking noises 
from the motion detector.  
 2. Store you data as Run 1.  Use Store Latest Run in the Data 
Menu.   
 3. After you have adjusted the scales, sketch your graphs 
neatly on the axes below.  
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Questions How does your velocity graph differ from that for motion at a 
constant  velocity in Activity 1?  Does this agree with your 
prediction?  (Q4) 
 ___________________________________________________ 
 How does your acceleration graph differ from that for motion at 
a constant velocity in Activity 1?  Does this agree with your 
prediction?  (Q5) 
 ___________________________________________________ 
 Compare your graphs to those in Investigation 4 (Activity 1) for 
the cart speeding up on a level ramp.  Are the graphs similar in 
shape?  Would you expect them to be similar?  Why or why 
not?  (Q6) 
 ___________________________________________________ 
 ___________________________________________________ 
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 What forces act on the cart as it accelerates down the ramp?  
Which force is equivalent to that applied by the hanging mass in 
Investigation 4?  (Q7) 
 ___________________________________________________ 
 ___________________________________________________  
Activity 3 Up and Down the Ramp  
 Making a cart accelerate down a steep ramp is similar to 
dropping a ball from a height.  In this activity, you will give the 
cart a push up the ramp and let it return.  This is similar to 
throwing a ball straight up in the air,  but the motion is slower 
and easier to study. 
Predictions You throw a ball straight up in the air.  What is the velocity at the 
moment that the ball reaches its highest point and is about to 
start back down?  At this same moment, is the acceleration 
positive, negative or zero?  (Assume that the positive direction 
is upward.) 
 Velocity:  _______________    Acceleration: _______________ 
 If you give the cart a push up the ramp and release it, what will 
the velocity be at the moment that the cart reaches its highest 
point and is about to start back down?  At this moment, is the 
acceleration positive, negative or zero.  (Assume that the 
positive direction is down the ramp--away from the detector.) 
 Velocity:  _______________    Acceleration: _______________ 
 Sketch your predictions for the velocity-time and acceleration-
time graphs of the cart. 
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 Now test your predictions.   
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 Leave the graphs from Activity 2 as Run 1.  Leave the ramp and 
detector set up exactly as in Activity 2.   
 1. Graph the velocity and acceleration of the cart rolling up and 
down the ramp.  A time scale of 5 sec should work.  Start the 
motion just when you begin to hear the detector clicking.  
Give the cart a push up the ramp, but release it quickly. 
 2. When you get a good run, sketch both graphs on the axes 
below.  Do not use a run where the cart came closer than 
0.5 meters to the detector. 
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Questions Label both  graphs with— 
 "A" where the cart started being pushed. 
 "B" where the push ended (where your hand left the cart). 
 "C" where the cart reached the top (and is about to start down). 
 "D" where the cart reached the bottom again. 
 Explain how you know where each of these points is.  (Q8) 
 ___________________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 Did the cart stop at the top?  (Hint:  Look at the velocity graph.  
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What was the velocity of the cart at the top?)  Does this agree 
with your prediction?  How much time did it spend at the top 
before it started back down?  Explain.   (Q9) 
 ___________________________________________________ 
 ___________________________________________________ 
 According to your acceleration graph, what is the acceleration at 
the instant  the cart reaches the top?  Is it positive, negative or 
zero?  Does this agree with your prediction?  (Q10) 
 ___________________________________________________ 
 ___________________________________________________ 
 Explain the observed sign of the acceleration at the top.  (Hint:  
Remember that acceleration is the rate of change of velocity.  
When the cart is at the top, what will its velocity be in the next 
instant?  Will it be positive or negative?)  (Q11) 
 ___________________________________________________ 
 ___________________________________________________ 
 On the way back down, is there any difference between these 
velocity and acceleration graphs and the ones in Run 1 which 
were the result of the cart rolling down from rest (Activity 2)?  
Explain.  (Q12) 
 ___________________________________________________ 
 ___________________________________________________ 
 Compare the average acceleration of the cart on the way up 
(but after you stopped pushing) and on the way down (but 
before reaching the bottom).  Are they the same?  Base your 
answers on your velocity and acceleration graphs.  (Q13) 
 ___________________________________________________ 
 ___________________________________________________ 
Challenge What forces act on the cart on the way up the ramp (after the 
push).  Does any force have a different direction on the way up 
than on the way down?  Explain any differences in the 
acceleration going up and coming down in terms of the forces 
on the cart.   
 _____________________________________________________________ 
 ___________________________________________________ 
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FORCE AND MOTION 
 
Investigation 1:  Constant Velocity Motion 
 
To find out How to produce motion with constant velocity 
 What happens when you push an object and then release it 
Materials Logger Pro software  
 force probe (calibrated) 
 motion detector 
 Universal Laboratory Interface (ULI) 
 cart with adjustable friction pad 
 smooth board or table top 
 low friction pulley 
 string 
 a variety of hanging masses 
Introduction In this investigation you will begin to examine how the motion of 
an object is related to the net force acting on it.  You will first 
examine objects which are moving at a constant (steady) 
velocity.  A force probe will be used to measure forces and a 
motion detector will be used to measure velocities and 
accelerations. 
 The laws which describe the relationships between forces and 
the motion of an object to which they are applied are known as 
Newton's Laws.  These are empirical laws--based on 
investigations like the ones you will carry out.  
Activity 1 Motion at a Constant Velocity with Friction 
 In this activity you will examine how to push or pull an object so that it 
moves with a constant velocity. 
 1. Set up the ramp, pulley, cart, string, motion detector and 
force probe.  The ramp should be level and high enough 
above the floor so that a mass hanging from the string can 
fall at least 1.5 meters.   
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.5 m
At least 1.5 m 
to floor
<
<
 
   
 2. Prepare to graph velocity and force for the cart moving with 
a constant velocity.  Open the experiment file M4IN1A1 from 
the Tools for Scientific Thinking folder.   
  Position the motion detector at one end of the ramp, and 
mark the position of its front on the ramp.  Also make a mark 
0.5 meter away from the front of the detector. 
  Be sure that the cart never gets closer than 0.5 meter from 
the detector when you are taking data. 
  Adjust the friction pad on the bottom of the dynamics cart to 
produce a large frictional force.  The pad should rub a lot on 
the table when the cart is pushed along, but the cart should 
roll smoothly on all of its wheels.  Do not change the friction 
pad during all of Activity 1. 
  Calibrate the force probe.  Select Calibrate from the 
Experiment Menu, click Port 1 then Perform Now.  Remove 
all force from the force probe.  Enter 0 as Value 1. Click on 
Keep.  Hang a 250 gram (2.45 Newton) mass from the force 
sensor.  Enter 2.45 by Value 2.  Click Keep, then OK. 
  Tape the force probe to the top of the cart.  Be sure that the 
probe's metal diaphragm is not touching the top of the cart, 
and that the cord won't interfere with the cart's motion and 
won't be seen by the motion detector.  Attach a string, and 
hang it over the pulley.  Note that the force probe is set up to 
measure the force actually applied to the cart by the string--
the tension in the string.   
  Zero the force probe with it held horizontally now and before 
each graph.   
Prediction Describe the force you must apply to make the cart with the friction pad 
move away from the motion detector with a constant velocity, and sketch 
its graph on the axes below.   
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 ___________________________________________________ 
 ___________________________________________________ 
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  Test your prediction. 
 3. Try different hanging masses until you can make the cart 
move at a constant (steady) velocity.  Zero the force probe 
with the string hanging loosely.  Graph velocity.  After a 
second, give the cart a little push.  Find the hanging mass so 
that the cart's velocity matches the velocity graph in Run 1 
as closely as possible.  Repeat as many times as necessary 
to get a fairly constant velocity which matches that in Run 1. 
  When you have succeeded, sketch your velocity and force 
graphs on the axes below. 
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  Use Store Latest Run in the Data Menu to save your graphs to Run 1 
so that you can compare them to other graphs. 
 4. Label both graphs with a B where the cart just began 
moving, and  a C where its velocity became constant. 
Question Look at your force-time graph.  Does the force applied during 
the time the cart is moving at a constant velocity agree with your 
prediction?  Describe any differences.  (Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
Prediction How do you think the force would change if you made the cart 
move at a faster constant velocity?  What about at a slower 
constant velocity?  Describe any differences you would expect. 
 ___________________________________________________ 
 ___________________________________________________ 
 
 Test your prediction. 
 5. Plot velocity first, giving the cart a push to make it move with a larger 
but still constant velocity.  Wait a second before pushing.  Try the 
same hanging mass first, then change it if necessary.  Repeat until you 
get a nice constant velocity.     
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 Sketch both the velocity graph and the force graph using dashed lines on 
the axes on the previous page. 
 
Question Was the force needed to keep the cart moving with a faster 
constant velocity significantly different from the force needed for 
the smaller velocity?  Explain.  (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 2 Motion at a Constant Velocity without Friction 
Prediction Suppose that friction were very small--nearly zero.  Describe 
and sketch a graph of the force needed to make the cart move 
away from the motion detector with a constant velocity. 
 ___________________________________________________ 
 ___________________________________________________ 
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 Test your prediction.    
Note It will be impossible to completely eliminate friction.  Instead you 
can decrease the friction a little bit at a time, and observe what 
happens. 
 1. Reduce the friction a little bit by adjusting the friction pad so 
that it rubs less on the ramp, but so that there is still some 
friction.   
 2. Try different hanging masses to make the cart move at a 
constant (steady) velocity.  Zero the force probe with the 
string hanging loosely.  Find the hanging mass so that the 
cart's velocity matches the background velocity graph as 
closely as possible.  Graph to check that the velocity is 
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constant.  Repeat as many times as necessary.  
  When you have succeeded, sketch your graphs on the axes 
on the next page. 
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 3. Reduce friction some more to give the minimum possible 
friction (pad not rubbing on the ramp at all), and graph again.  
Again Zero the force probe.  Change the hanging mass and 
plot velocity and force with the same constant velocity as 
before.  Sketch these graphs with dashed lines on the same 
axes. 
Questions Based on your observations, how large a force would be 
necessary to keep the cart moving at a constant velocity if there 
were no friction at all?  Explain.  Does this agree with your 
prediction?  (Q3) 
 ___________________________________________________ 
 ___________________________________________________ 
 Suppose that there were a number of forces acting on the cart.  
What net  (resultant)  force acting on the cart would keep it 
moving with a constant velocity?  Explain.  (Q4) 
 ___________________________________________________________ 
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 ___________________________________________________________ 
Activity 3 Once a Push Always a Push? 
Prediction Suppose that you remove the string and hanging mass. Then you give the 
cart a push to start it moving and release it.  Sketch on the top of the next 
page a velocity-time and an acceleration-time graph for the motion of the 
cart. 
  
0
+
-
Time when cart 
is released
Time
0
+
-
V
el
oc
ity
A
cc
el
er
at
io
n
 
 On the diagram below, use arrows to indicate all of the forces that act on 
the cart after you have released it.  (Assume that friction is so small that it 
can be neglected.) 
       
 Test your predictions. 
 
 1. Remove the string from force probe.  Everything else should be set up 
as before.  The cart's friction should be as small as possible. 
 < <.5 m  
  
 2. Set up the cart about 2 meters in front of the motion detector.  The 
motion detector should be on the opposite side from the force probe.  
Be sure that force probe cord won't interfere with the cart's motion and 
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won't be seen by the motion detector. 
 3. Set up to graph velocity, force and acceleration.  Open the 
experiment file M4IN1A3 from the Tools for Scientific 
Thinking folder.  Velocity, acceleration and force-time graphs 
will appear on the screen.  The velocity, force and 
acceleration axes will be set from -2 to +2 with an 
experiment length of 5 seconds.    
  Zero the force probe.  Clear any previous graphs.   
 4. Graph velocity first.  After the motion detector starts clicking, 
give the cart a steady push in the direction of the motion 
detector for about a second, by pushing against the hook of 
the force probe.  Then let the cart go.  (Be sure to stop the 
cart before it hits the motion detector.) 
  Change the scales if necessary to display your graphs more 
clearly. 
  Sketch your graphs on the axes below. 
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 Indicate with an arrow on all three graphs the time when the cart was 
released. 
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Questions Do the velocity and acceleration graphs agree with your 
predictions?  If not, how do they differ?  (Q5) 
 ___________________________________________________ 
 ___________________________________________________ 
 Do the actual forces acting on the cart after it is released as 
shown on the force-time graph agree with your prediction of the 
force(s)?  What happened to the force of the push after you 
released the cart?  (Q6) 
 ___________________________________________________ 
 ___________________________________________________ 
 Do your results agree with what you learned in Activity 2 about 
the net force needed to move a cart (without friction) at a 
constant velocity?  Explain.  (Q7)  
 ___________________________________________________ 
Comment When there is no net force acting on an object, the velocity of the object 
does not change.  The object then either moves at a constant velocity, or 
remains at rest.  This law--which you have examined in this investigation--
is known as Newton's First Law. 
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FORCE AND MOTION 
Investigation 2:  Motion with Constant Acceleration 
To find out How to produce motion with a constant acceleration 
 The relationship between force and acceleration   
Materials Logger Pro software  
 force probe (calibrated) 
 motion detector 
 Universal Laboratory Interface (ULI) 
 cart with adjustable friction pad 
 smooth board or table top 
 low friction pulley 
 string 
 a variety of hanging masses 
Introduction If you apply a large enough force on an object--like a cart on a table--you 
can get the object to move with an increasing velocity--with an 
acceleration.  In this investigation you will examine what sort of net force 
applied to an object causes a steadily increasing velocity--a constant 
acceleration 
Activity 1 Pulling a Cart to Make It Speed Up Steadily 
Prediction Suppose that instead of making the cart move at a constant 
velocity, you want it to speed up steadily (with a constant 
acceleration).  Describe in words and sketch graphs of the 
velocity, acceleration and force which you would expect. 
 ___________________________________________________ 
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 Test your predictions. 
 1. Set up the ramp, pulley, cart, string, motion detector and 
force probe.  The setup should be the same as in Activities 1 
and 2 of the previous investigation.  Be sure that the cart's 
friction is minimum.  (If the cart has a friction pad, it should 
be raised so it doesn't contact the board.) 
 2. Prepare to graph velocity acceleration and force.  Open the 
experiment file M4IN2 from the Tools for Scientific Thinking 
folder.  Velocity, acceleration and force-time graphs will 
appear on the screen.  The velocity and acceleration will 
range from -1 to 1 and the force will range from 0 to 2.5N 
with an experiment length of 3 seconds. 
  Zero the force probe with the string hanging loosely now and 
before each graph.  Be sure that the wire is out of the way of 
the motion detector. 
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 3. Hang a 50 gram mass over the pulley.  Place your fingers in 
front of the cart so that it cannot move.  The back of the cart 
must be at least .5 meter from the motion detector. 
 4. Graph velocity first.  Single click on the velocity graph.  
Collect the data.  Release the cart after 1 sec.  Be sure that 
the motion detector is seeing the cart during its complete 
motion.  Repeat until you get good graphs. 
  Adjust the scales if necessary to display the graphs more 
clearly.  Sketch the actual velocity, acceleration and force 
graphs on the axes above.  Draw a smooth force graph; 
don't worry about small bumps. 
  Store your data as Run 1 for comparison in the next activity 
by using Store Latest Run under the Data Menu. 
Questions What kind of force is needed to move the cart with a steadily 
increasing velocity--constant, increasing or decreasing?  (Look 
at the force on your graph during the time that the cart is 
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accelerating.)  Is this what you expected-- does the force graph 
agree with your prediction?  (Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
 Does the acceleration graph agree with your prediction?  What 
kind of acceleration corresponds to a steadily increasing 
velocity?  (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
 Compare the force applied to the force probe by the hanging 
mass during the 1 second that the cart was at rest and during 
the time when the cart was accelerating.  Is one of these forces 
larger?  Try to explain.  (Hint: Remember that the force probe is 
measuring the tension in the string and not the weight of the 
hanging mass.)  (Q3) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 2 Accelerating with a Larger Force  
 In this activity you will examine the acceleration of the cart with a larger 
applied force than in Activity 1. 
Prediction If you double the force applied to the cart, what will happen to its 
acceleration?  Will it still be constant?  How large will it be? 
 ___________________________________________________ 
 1. Accelerate the cart with a 100 gram hanging mass.  Graph 
velocity first.  Be sure to Zero the force probe with the string 
hanging loosely before graphing.  Also be sure that the cart 
begins at least .5 meter away from the motion detector, and 
that the force probe cord is out of the way. 
  Repeat if necessary to get good graphs. 
  Sketch your graphs with a dashed line on the axes on page 
2-2. 
Questions Did your force graph for the larger applied force agree with your 
prediction?  Explain any differences.  (Q4) 
 ___________________________________________________ 
 ___________________________________________________ 
 How does the acceleration of an object seem to depend on the 
net force applied to the object?  (Q5) 
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 ___________________________________________________ 
 2. Measure the average forces and accelerations.  Use 
Examine on the Analyze Menu to record values of the force 
and acceleration for both runs.  Make ten reading for force 
and ten readings for acceleration over the whole time 
interval when the cart was accelerated by the smaller force 
(Run 1).  Find the mean values.  Then repeat with the larger 
force (Latest).  
 
  Smaller Force Force: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
   Mean force (N): _____ 
   Acceleration: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
   Mean acceleration (m/s2): ____ 
  Larger Force Force: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
   Mean force (N): _____ 
   Acceleration: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
   Mean acceleration (m/s2): ____ 
  Record the mean values in the first two rows of the table 
below. 
   
Applied Force
(N)
Acceleration
(m/s  )2
Ratio:  Force 
Accel.
  
 3. Accelerate the cart with a 150 gram hanging mass.  Graph 
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velocity first.  Be sure to Zero the force probe with the string 
hanging loosely before graphing.  Repeat if necessary to get 
good graphs. 
  Sketch your graphs with a dotted line on the axes on page 2-
2. 
  Record values from your graph, find the mean values and 
record these in the table above. 
  Still Larger Force Force: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
   Mean force (N): _____ 
   Acceleration: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
   Mean acceleration (m/s2): ____
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Move your graphs to Store Latest Run under the Data 
Menu for comparison in Activity 3.  It will be named Run 1.  
 
Question Does there appear to be a mathematical relationship between 
force and acceleration?  What is it?  Use the data in your table 
to justify your answer.  (Q6) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 3 Accelerating a More Massive Cart 
Prediction If the cart's mass were twice as large, and you accelerated it 
with the 150 gram hanging mass, would the acceleration be 
different?  In what way?  
 ___________________________________________________ 
 Test your prediction. 
 1. Measure the mass of the cart including the force probe: 
_____kilograms 
 2. Add masses on top of the cart.  Double the mass of the cart 
and probe.  Tape the masses on so that they won't shift 
around when the cart moves. 
  New mass of cart: _____kilograms. 
 3. Accelerate the cart with the 150 gram mass.  Be sure to 
Zero the force probe  before graphing with the string 
hanging loosely.  Graph velocity first.  Repeat until you get 
good graphs. Sketch your graphs below.  Also sketch the 
graphs for the less massive cart (Run 1) with a dashed 
line.
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 4. Record values from your graph.  Find the mean values. 
  Larger Mass Cart  Force: ____ ____ ____
 ____ ____ 
    ____ ____ ____ ____
 ____ 
    Mean force (N): _____ 
    Acceleration: ____ ____
 ____ ____ ____ 
    ____ ____ ____ ____
 ____ 
   Mean acceleration (m/s2):
 ____ 
  Record these values along with those from Activity 2 for the 
lighter cart accelerated with the same 150 gram hanging 
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mass in the table below. 
  
 
Applied Force
(N)
Acceleration
(m/s  )2
Mass of Cart
(kg) Accel.
Ratio:  Force
 
  Calculate the ratios of force to acceleration, and record in 
the table. 
Questions Did your graphs agree with your predictions?  Explain any 
differences.  (Q7) 
 ___________________________________________________ 
 ___________________________________________________ 
 Does there appear to be a mathematical relationship between 
acceleration and mass for an object pulled with a constant 
force?  What is it?  Justify your answer using the data in your 
table.  (Q8) 
 ___________________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
Comment The law which relates the acceleration of an object to the applied force 
and mass is called Newton's Second Law. 
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Force and Motion 
Investigation 3:  More on Newton's Laws of Motion 
To find out The relationship between force and acceleration when the 
acceleration is not constant 
 The relationship between applied force and reaction force 
Materials Logger Pro software  
 force probe (calibrated) 
 motion detector 
 Universal Laboratory Interface (ULI) 
 hooky block (wooden block with a hook on one side) with string  
 various masses  
 smooth board or table top 
Activity 1 Force and Acceleration 
 In this activity you will apply a varying force to an object, and 
examine the acceleration this force produces. 
 
1. Set up the motion detector and force probe.
Place the motion detector on the floor in 
a position where you will be able to  
hang a mass from the force probe 
directly above it.   Plug the motion detector 
into port 2 of the ULI. 
 
Hang a 300 gram mass from the force 
probe.  Be sure that it is secure, and will  
not fall off.  
Prepare to graph acceleration only.2.
 
Hold the mass about a meter directly above 
the motion detector.  Zero the probe with the mass suspended from it.
 
 
Open the experiment file M4IN3A1
 
 3. Collect the Data.  Hold the force probe and mass steady for 
the first several seconds.  Then pull the probe up away from 
the motion detector a short distance, stop, and then move it 
a short distance down closer to the motion detector.  Hold it 
steady for several seconds more and then repeat this 
motion.   
  Sketch the acceleration graph on the axes on the next page.  
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Do not display the force graph yet.   
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Prediction On the force axes below, sketch with a dotted line your 
prediction of the force which could have caused the acceleration 
of the mass shown above. 
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 4. Display the force and acceleration.  On the force-time graph, 
click in  the region left of the Y-axis.  A Y-axis selection 
window will appear on the screen.  Check the box next to 
Force then click OK.  Sketch the force graph with a solid line 
on the axes above. 
Question Did the force graph agree with your prediction?  In what ways 
did it agree and disagree?  (Q1) 
 ___________________________________________________ 
 Compare the acceleration and force graphs.  Are they similar in 
shape?  Is this what you would expect based on Newton's 
Second Law?  (Q2) 
 ___________________________________________________ 
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 ___________________________________________________ 
Activity 2 If You Push Me I'll Push Back 
Prediction When you push or pull on a block, does the block exert a force 
back on you?  If your answer is yes, how large is this force? 
 ___________________________________________________ 
 Test your prediction. 
 1. Team up with a nearby group.  You will need two force 
probes connected to two computers.  The computers should 
be close enough together so that the probes can reach the 
same wooden block. 
 2. Check the calibrations of the two force probes.  Zero both 
probes with the hooks pointing vertically downward.  Hang a 
500 gram mass from each probe, and graph force. 
  If the probes read differently, recalibrate both of them.  
Select Calibrate from the data menu.  Remove all force from 
the force probe.  Enter 0 as Value 1.  Click on Keep.  Hang a 
500 gram  (4.9 Newton) mass from the force sensor.  Enter 
4.9 by Value 2.  Click Keep, then OK.  
 3. Set up the motion probe and the block.  One probe should 
be mounted on the block as shown and the other left free.  
Make sure the motion detector is seeing the block and not 
the wire connected to the force probe.  Start with the block at 
the .5 meter mark. 
 
< <.5 m
 
 4. Set up the computers.  One computer should be set up to 
graph velocity and force.  The other should be set up to 
graph force.  Open the experiment file M4IN3A2 from the 
Tools for Scientific Thinking folder on both computers.  A 
velocity-time graph and a force-time graph will appear on the 
screens.  The velocity will range from 0 to 1 m/s and the 
force from -5 to 5N with an experiment length of 10 seconds. 
 5. Start graphing on both computers at the same time.      
  Pull the block so that it moves as follows: 
  • Remains at rest for 1 second 
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  • Moves at a constant, slow velocity for 3 seconds 
  • Steadily increases its speed (constant acceleration) for 2 
seconds 
  Sketch the velocity graph and both force graphs below.  Use 
a solid line for the probe attached to the block and a dashed 
line for the other. 
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Questions Compare the two force graphs.  Are they the same?  (Q3) 
 ___________________________________________________ 
 Describe what force each force probe is measuring?  How do 
these two forces compare in size (magnitude) and direction?  
(Q4) 
 ___________________________________________________ 
 ___________________________________________________ 
 Based on what you know about the net force needed to make 
an object move with a steadily increasing velocity (constant 
acceleration), why does the block accelerate?  (Q5) 
 ___________________________________________________ 
 ___________________________________________________ 
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Comment According to Newton's Third Law, when you apply a force on 
an object, the object exerts an equal and opposite force back on 
you.  This force is often referred to as a reaction force. 
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Appendix B: Simulation Protocols 
 
 
 
 
The Tools for Scientific Thinking curriculum and the representative activities 
included in this appendix where created by David R. Sokoloff and Ronald K. Thornton. 
These materials are copyrighted by Tufts University and are published by Vernier 
Software & Technology. The activities presented here have been modified for use in this 
research study. 
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INTRODUCTION TO MOTION 
Simulation Investigation 1:  Distance(Position)-Time Graphs of 
Motion 
To find out How motion looks as a distance (position)-time graph 
Materials Interactive Physics software  
  
Introduction In this simulation, you will examine the motion of a dynamics cart on a track 
through a distance (position)-time graph of the motion.  As the cart moves, 
the graph on the computer screen displays how far away from the detector it 
is. 
 • "Distance" is short for "distance from the motion detector."   
 • The motion detector is the origin from which distances are measured. 
Activity 1 Making Distance-Time Graphs 
 1. Open the SIM-M1A1 program.   
 2. When you are ready to start graphing distance, click once on 
the Run "button" in the top of the screen.   
 3. The simulation will automatically stop when the cart reaches 
the end of the track. Be sure to reset the simulation before 
changing initial conditions. 
4. Make distance-time graphs for different speeds and 
directions. 
 a. Make a  distance/time graph for the cart 
moving away from the detector (origin) 
Sketch the graph on the right. 
D 
i 
s 
t 
 
m 
T i m e (sec) 
slowly and steadily. 
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b. 
T i m e (sec) 
Make a  distance/time graph,  
moving away from the detector  
(origin)  
Sketch the graph. 
D 
i 
s 
t 
 
m medium fast and steadily. 
 
5. Open the SIM-M1A2 program.   
 D 
i 
s 
t 
 
m 
c. Make a distance/time graph,  
moving toward the detector  
(origin)  
Sketch the graph. 
T i m e (sec) 
d. Make a distance/time graph,  
moving toward the detector  
(origin)  
Sketch the graph. 
T i m e (sec) 
D 
i 
s 
t 
 
m 
slowly and steadily. 
medium fast and steadily. 
 
Questions Describe the difference between the graph you made by moving 
away slowly and the one made by moving away more quickly. 
(Q1) 
 ___________________________________________________
________ 
 ___________________________________________________
________ 
 Describe the difference between the graph made by moving 
toward and the one made moving away from the motion 
detector.  (Q2) 
 ___________________________________________________
________ 
 ___________________________________________________
________ 
Prediction Predict the graph produced when a cart starts at the 1-meter 
mark, moves away from the detector slowly and steadily for 4 
seconds, stops for 4 seconds, and then moves toward the 
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detector quickly.  Draw your prediction on the left axes on the 
next page using a dotted line.  
 Compare predictions with the rest of your group.  See if you can 
all agree.  Draw your group's prediction on the left hand axes 
using a solid line. (Do not erase your original prediction.)  
 PREDICTION FINAL RESULT
D  
i  
s  
t  
  
  
m 
T i m e  (sec) 
6 
3 
4 8 12 
D 
i  
s 
t 
 
 
m 
T i m e  (sec) 
6 
3
4 8 12 
 
 5.  Run the simulation.  Open the SIM-M1A3 program. Draw your group's 
final result on the right axes. 
Question Is your prediction the same as the final result?  If not, describe 
how the cart would move to make a graph that looks like your 
prediction.  (Q3) 
 ___________________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 
Activity 2 Other Distance-Time Graphs 
 Open the experiment files SIM-M1A4 through SIM-M1A6.  A 
distance-time graph should appear on the screen.  
 
 Can you make a curved distance-time graph?  Make each of the 
graphs shown below. 
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 Graph 1 Graph 2
 Graph 3 
 
Describe how the cart must move to produce a distance-time graph with each of 
the shapes shown. 
 Graph 1 
answer:____________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 Graph 2 
answer:____________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 Graph 3 
answer:____________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
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INTRODUCTION TO MOTION 
Simulation Investigation 2:  Velocity-Time Graphs of Motion 
 
To find out How motion looks as a velocity-time graph 
Materials Interactive Physics software  
   
Introduction You have already plotted the cart’s distance (position) from the motion 
detector as a function of time.  You can also plot how fast it is moving.  How 
fast it moves is its speed .  It is the rate of change of distance with respect to 
time.  Velocity takes into account the speed and the direction an object is 
moving.  When you measure motion along a line, velocity can be positive or 
negative. 
Activity 1 Making Velocity Graphs 
 1. Set up to graph velocity.  Open the SIM-M2A1 file.  A 
velocity-time graph below will appear on the screen.  The 
velocity will range from -1 to 1 meter per second with an 
experiment length of 10 seconds. You may stop the program 
after collecting 10 seconds of data. The simulation will 
automatically stop when the cart reaches the end of the 
track. Be sure to reset the simulation before changing initial 
conditions. 
 2. Graph the velocity for different speeds and directions. 
    a. Make a velocity graph of the cart moving away from the 
detector slowly and steadily.  
   
  Sketch your result below.  
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 b. Make a velocity graph of the cart moving  away from the detector 
medium fast and steadily.  Sketch your graph. 
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 c. Open the SIM-M2A2 file. Make a velocity graph of the cart moving 
toward the detector slowly and steadily.  Sketch your graph. 
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 d. Make a velocity graph of the cart moving toward the detector 
medium fast and steadily .  Sketch your graph. 
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Questions What is the most  important difference between the graph made 
by slowly moving away from the detector and the one made by 
moving away more quickly?  (Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
 How are the velocity-time graphs different for motion away and 
motion toward the detector?  (Q2) 
 ___________________________________________________ 
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 ___________________________________________________ 
 
 3. Predict a velocity graph for a more complicated motion and 
check your prediction. 
 a. Each person draw below, using a dotted line, your 
prediction of the velocity graph produced if you— 
  • move away from the detector slowly and steadily for 10 
seconds 
  • stop for 4 seconds 
  • move toward the detector steadily about twice as fast as 
before 
 b. Compare predictions and see if you can all agree.  Use a 
solid line to draw in your group prediction. 
    Prediction 
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 4. Do the experiment.  Open the SIM-M2A3 file. Run the 
simulation and sketch the graph on the axes below.   
   Final Result 
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Comment How fast you move is your speed, the rate of change of distance 
with respect to time.  Velocity implies both speed and direction.   
As you have seen, for motion along a line (the positive x axis) 
the sign (+ or -) of the velocity indicates the direction.  If you 
move away from the detector (origin), your velocity is positive, 
and if you move toward the detector, your velocity is negative. 
 The faster you move away from the origin, the larger positive 
number your velocity is.  The faster you move toward the origin, 
the "larger" negative number your velocity is.  That is -4 m/s is 
twice as fast as -2 m/s and both motions are toward the origin.  
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INTRODUCTION TO MOTION 
Simulation Investigation 3:  Distance and Velocity Graphs 
To find out The relationship between distance-time and velocity-time graphs. 
 
Materials Interactive Physics Software 
Introduction You have looked at distance and velocity-time graphs 
separately.  Now you will see how they are related. 
Activity 1 Predicting Velocity Graphs from Distance Graphs 
 1. Set up to graph Distance and Velocity.  Open the SIM-M3A1 
file. A distance-time graph and velocity- time graph will 
appear on the screen.  The distance will be 4 meters, the 
velocity will range from -1 to 1 meter per second with an 
experiment length of 5 seconds.  Clear any previous data on 
the graphs by selecting Erase Meter Values.   
   2. Predict a velocity graph from a distance graph.  Carefully 
study the distance graph shown below and predict the 
velocity-time graph that would result from the motion.  Using 
a dotted line, sketch your pre-diction of the corresponding 
velocity-time graph on the velocity axes. 
 3. Make the graphs.  After each person has sketched a 
prediction, run the simulation. 
  Use a solid line to draw the actual velocity graph on the 
same graph with your prediction.  (Do not erase your 
prediction). 
 -1
+1
0 
. . . . .
. . . . .
. . . . .
-
-
-
- - - - -
. . . . .4
. . . . .
1 2 3 4 5
0
0
. . . . .
. . . . .
. . . . .
-
2-
-
- - - --
D
is
ta
nc
e 
(m
)
V
el
oc
ity
 (m
/s
)
Time (seconds)
 
 
147
Questions How would the distance graph be different if the cart moved 
faster?  Slower?  (Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
 How would the velocity graph be different if the cart moved 
faster?  Slower? (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 2 Estimating and Calculating Velocity 
  
Comment Average velocity during a particular time interval is the change 
of distance divided by the change in time. By definition, this is 
also the (average) slope of the distance-time graph for that time 
period.   
 As you have observed, the faster you move, the more inclined is 
your distance-time graph.  The slope of a distance-time graph is 
a quantitative measure of this incline, and therefore it tells you 
the velocity of the object. 
 1. Calculate your average velocity from your distance graph in 
Activity 1.  Use the tape player controls in the lower left 
corner of the Interactive Physics window 
to read the distance and time 
coordinates for two typical points while the cart was moving.  
For a more accurate answer, use two points as far apart as 
possible but still typical of the motion.  
  Point 1 Distance _______ m Time ________ sec 
  Point 2 Distance _______ m Time ________ sec 
  Calculate the change in distance between points 1 and 2.  
Also, calculate the corresponding change in time (time 
interval).  Divide the change in distance by the change in 
time to calculate the average velocity.  Show your 
calculations below.  
    Change in distance:_______m  Change in 
time:_______sec 
  Average velocity :_______m/s 
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 3. Draw in the average velocity you just calculated on the 
velocity graph in Activity 1. 
Questions Is the average velocity positive or negative?  Is this what you 
expected?  (Q3) 
 ___________________________________________________ 
 
 ___________________________________________________ 
Activity 3 Predicting Distance Graphs from Velocity Graphs 
 1. Predict a distance(position)-time graph from a velocity-time 
graph.  Carefully study the velocity graph below.  Using a 
dotted line, sketch your prediction of the corresponding 
distance graph on the bottom set of axes.  (Assume that you 
started at the 1-meter mark.) 
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 2. Make the graphs.  After each person has sketched a 
prediction, open the SIM-M3A2 file and run the simulation. 
   
  Use a solid line to draw the actual distance-time graph on 
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the same axes with your prediction. (Do not erase your 
prediction.) 
 
Questions How can you tell from a velocity-time graph that the moving 
object has changed direction?  (Q5) 
 ___________________________________________________ 
 ___________________________________________________  
 What is the velocity at the moment the direction changes?  (Q6) 
 ___________________________________________________ 
 ___________________________________________________ 
 Is it possible to actually move an object to make the vertical 
lines on the velocity graph you were trying to match?  Why or 
why not?  (Q7) 
 ___________________________________________________ 
 ___________________________________________________ 
 Is it possible to actually move an object to make vertical lines on 
a distance-time graph?  Why or why not?  What would the 
velocity be for a vertical section of a distance-time graph?  (Q8) 
 ___________________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 How can you tell from a distance-time graph that the motion is 
steady (motion at a constant velocity)?  (Q9) 
 ___________________________________________________ 
 ___________________________________________________ 
 How can you tell from a velocity-time graph that the motion is 
steady?  (Q10) 
 ___________________________________________________ 
 ___________________________________________________ 
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INTRODUCTION TO MOTION-CHANGING MOTION 
 
           Simulation Investigation 4:  Velocity and Acceleration 
Graphs 
 
To find out How and when objects accelerate 
 The meaning of acceleration, its magnitude and direction 
 The relationship between distance, velocity and acceleration graphs 
Materials Interactive Physics software  
Introduction Acceleration is the time rate of change of velocity.  Any time the velocity 
changes, there is an acceleration.  In this investigation you will look at 
velocity and acceleration graphs of the motion of a cart rolling on a ramp. 
Activity 1 Speeding Up 
 In this activity you will look at graphs of the motion of a cart 
when its speed is changing. 
 1. Set up to graph distance and velocity.  Open the SIM-M4A1 
file. A velocity-time graph, a distance- time graph, and an 
acceleration-time graph will appear on the screen.   
 2. The cart, track, pulley and motion detector are set up as 
shown below.   
 
 
.5 m< <
 
 
  A small mass is hung from the end of the string--say 50 
grams--which will cause the cart to speed up, when it is 
released.   
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3. Make distance, velocity and acceleration graphs.  Run the 
simulation and sketch your distance, velocity and 
acceleration graphs neatly below.  Label the graphs 
"Speeding Up." 
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Questions How does your distance graph differ from the distance graphs 
for steady (constant velocity) motion from earlier investigations?  
(Q1) 
 ___________________________________________________ 
 What about your velocity graph shows that the motion was away 
from the detector?  (Q2) 
 ___________________________________________________ 
 What about your velocity graph shows that the cart was 
speeding up?  How would a graph of motion with a constant 
velocity differ?  (Q3) 
 ___________________________________________________ 
 During the time that the cart is speeding up, is the acceleration 
positive or negative?  How does speeding up while moving 
away from the detector result in this sign of acceleration?  Hint:  
Remember that acceleration is the rate of change of velocity.  
Look at how the velocity is changing.  (Q4) 
 ___________________________________________________ 
 ___________________________________________________ 
 How does the velocity vary in time as the cart speeds up?  Does 
it increase at a steady rate or in some other way? (Q5) 
 ___________________________________________________ 
 ___________________________________________________ 
 How does the acceleration vary in time as the cart speeds up?  
Is this what you expect based on the velocity graph?  Explain.  
(Q6) 
 ___________________________________________________ 
 ___________________________________________________ 
Predictions Suppose that you use a larger hanging mass to accelerate the 
cart.  How would the acceleration of the cart be different?   
 ___________________________________________________ 
 How would your velocity and acceleration graphs be different?  
Sketch your predictions with a dashed or different color line on 
the axes on page 4-2. 
 Test your prediction. 
4. Make velocity and acceleration graphs.  Repeat the 
experiment.  This time accelerate the cart with a hanging 
mass twice as large as before. Use the slider to change the 
mass of the hanging weight. Sketch your velocity and 
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acceleration graphs on the axes on page 4-2, and label them 
"Speeding Up More." 
Questions Did the shapes of your velocity and acceleration graphs agree 
with your predictions?  How is the magnitude (size) of the 
acceleration represented on a velocity-time graph? (Q7) 
 ___________________________________________________
________ 
 How is the magnitude (size) of the acceleration represented on 
an acceleration-time graph?  (Q8)  
 ___________________________________________________
________ 
Activity 2 Slowing Down 
 When you give a cart with friction a push, it will slow down after 
it is released.  In this activity you will examine the velocity and 
acceleration of this motion. 
Predictions If you give a cart with friction a push away from the motion 
detector and release it, will the acceleration be positive, 
negative or zero (after it is released)?                                                            
 ___________________________________________________
________ 
 Sketch your predictions for the velocity-time and acceleration-
time graphs. 
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 Test your predictions. 
 1. The cart, ramp and motion detector are setup as in Activity 
1, only the string and pulley are no longer be needed.    
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 2. Graph the velocity and acceleration of the cart  coasting 
away from the detector on the level track.  Open the SIM-
M4A2 file. A velocity-time graph and an acceleration-time 
graph will appear on the screen. Run the simulation. You 
can vary the initial velocity of the cart as well as the amount 
of friction between the cart and the track. 
  Sketch your results neatly on the axes below.  Also sketch 
the velocity and acceleration graphs for Speeding Up from 
Activity 1. Label the graphs "Slowing Down Moving Away" 
and "Speeding Up Moving Away."   
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Questions Did the shapes of your velocity and acceleration graphs agree 
with your predictions?  How is the sign of the acceleration 
represented on a velocity-time graph?  (Q9) 
 ___________________________________________________ 
 ___________________________________________________ 
 How is the sign of the acceleration represented on a 
acceleration-time graph?  (Q10) 
 ___________________________________________________ 
 Is the sign of the acceleration what you predicted?  How does 
slowing down while moving away from the detector result in this 
sign of acceleration?  Hint:  Remember that acceleration is the 
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rate of change of velocity.  Look at how the velocity is changing.  
(Q11) 
 ___________________________________________________ 
 ___________________________________________________  
 Based on your observations up until now, state a general rule to 
predict the sign of the acceleration if you know the sign of the 
velocity (i.e., the direction of motion) and whether the object is 
speeding up or slowing down.   (Q12) 
 ___________________________________________________ 
 ___________________________________________________ 
 
Predictions Suppose instead you start with the cart (with friction) near the 
end of the ramp, and give it a push towards the detector.  If the 
cart moves toward the detector and slows down, will the 
acceleration be positive or negative?  (Use your general rule in 
question 12.) 
 ___________________________________________________
________ 
 Sketch your predictions for the velocity-time and acceleration-
time graphs. 
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 Test your predictions.   
3. Graph the cart moving towards the detector and slowing 
down.  Open the SIM-M4A3 file and run the simulation. You 
can vary the initial velocity towards the motion detector as 
well as the amount of friction between the cart and the track. 
Sketch these graphs on the same velocity and acceleration 
axes you used before on page 4-5.  Label these graphs as 
"Slowing Down Moving Toward." 
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Questions How does your velocity graph show that the cart was moving 
toward  the detector?  (Q13) 
 ___________________________________________________ 
 During the time that the cart was slowing down, is the 
acceleration positive or negative?  Does this agree with your 
prediction?  Explain how slowing down while moving toward the 
detector results in this sign of acceleration.  Hint:  Look at how 
the velocity is changing.  (Q14) 
 ___________________________________________________ 
 ___________________________________________________ 
 Was your general rule in question 12 correct?  If not, modify it 
and restate it here.  (Q15) 
 ___________________________________________________ 
 ___________________________________________________ 
  
 
 There is one more possible combination of velocity and 
acceleration for the cart, moving towards the detector and 
speeding up.  Use your general rule to predict the sign of the 
acceleration in this case.  Explain why the acceleration should 
have this sign in terms of the sign of the velocity and how the 
velocity is changing.  (Q16) 
 ___________________________________________________ 
Prediction How would you push the cart with friction to make it move with a 
steady speed? 
 ___________________________________________________ 
Activity 3 Velocity and Acceleration of a Cart Moving at a Steady 
Speed 
 Graph the motion of the cart on the level ramp again.  Open the 
SIM_M4A4 file. You can still vary the initial velocity of the cart 
as well as the amount of friction. In addition, you can apply a 
pushing force to the cart. Try to push it so that it moves away 
from the detector with a constant velocity.  Try several times 
until you get a fairly constant velocity.  Sketch your results on 
the axes below. 
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Questions Why was the steady push needed to make the cart move with a 
constant velocity?  (Q17) 
 ___________________________________________________ 
 ___________________________________________________ 
 Compare the average acceleration of the cart to the average 
acceleration when the cart coasted to rest in Activity 2.  How is a 
constant velocity represented on an acceleration-time graph?  
(Q18) 
 ___________________________________________________ 
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INTRODUCTION TO MOTION--CHANGING MOTION 
Simulation Investigation 5:  Measuring Acceleration  
To find out How to calculate average acceleration from velocity and acceleration graphs 
Materials Interactive Physics Software 
Introduction In this investigation you will analyze quantitatively (using numbers) the 
motion of a cart accelerated along a ramp by a falling mass.  You will 
determine the cart's acceleration from your velocity-time graph and compare 
it to the acceleration read from the acceleration-time graph. 
Activity 1 Velocity and Acceleration of a Cart That Is Speeding Up 
 1. Load the sim-M5A1 file and collect data for the cart 
accelerated along the ramp with the 50-g falling mass 
(Investigation 4, Activity 1).   
 
 2. Sketch the velocity and acceleration graphs again below.  
Correct the scales if necessary. 
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 3. Calculate the average acceleration of the cart from your 
acceleration graph.  Use the tape player controls in the lower 
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left corner of the Interactive Physics window 
to step through the replay of 
the simulation. Read a number of values (say ten) of the 
acceleration, which are equally spaced in time.   
 
  Calculate the average value of the acceleration. 
  Accelerations from graph (m/s2): _____   _____   _____   
_____   _____   _____   _____   _____   _____   _____  
  Average acceleration (mean):  ________m/s2  
Comment Average acceleration during a particular time period is the 
change in velocity divided by the change in time.  This is the 
average rate of change of velocity.  By definition, the rate of 
change of a quantity graphed with respect to time is also the 
slope of the curve.  Thus the (average) slope of an object's 
velocity-time graph is the (average) acceleration of the object. 
 4. Calculate the average acceleration from your velocity graph.   
Calculate the slope of your velocity graph. Use the tape 
player controls to read the velocity and time coordinates for 
two typical points on the velocity graph.  For a more accurate 
answer, use two points as far apart in time as possible but 
still during the time the cart was speeding up.  
  Point 1 Velocity _______ m/s Time ________ 
sec 
  Point 2 Velocity _______ m/s Time ________ 
sec 
  Calculate the change in velocity between points 1 and 2.  
Also calculate the corresponding change in time (time 
interval). Divide the change in velocity by the change in time.  
This is the average  acceleration.  Show your calculations 
below.      
  Change in velocity: _______ m/s   
  Time interval : _______ sec            
  Average acceleration : _______ m/s2   (Speeding Up) 
Questions Is the acceleration positive or negative?  Is this what you 
expected? (Q1) 
 ___________________________________________________ 
 Does the average acceleration you just calculated agree with 
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the average acceleration you calculated from the acceleration 
graph?  Do you expect them to agree?  How would you account 
for any differences?   (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 2 Speeding Up More 
 1. Run the simulation for the cart accelerated along the ramp 
with the 100-g falling mass (Investigation 4, Activity 1). 
 2. Sketch the velocity and acceleration graphs.  Use dashed 
lines on the axes on page 5-1.  
 3. Calculate the average acceleration of the cart from your 
acceleration graph.  Use the tape player controls to read 
acceleration values.   
  Calculate the average value of the acceleration. 
  Accelerations from graph (m/s2): _____   _____   _____   
_____   _____   _____   _____   _____   _____   _____                  
  Average acceleration (mean):  ________m/s2 
 4. Calculate the average acceleration from your velocity graph.   
Calculate the slope of your velocity graph. Use the tape 
player controls to read the velocity and time coordinates for 
two typical points.  Remember to use two points as far apart 
in time as possible.  
  Point 1 Velocity _______ m/s Time ________ 
sec 
  Point 2 Velocity _______ m/s Time ________ 
sec 
  Calculate the average  acceleration. 
  Change in velocity: _______ m/s   
  Time interval : _______ sec            
  Average acceleration : _______ m/s2 (Speeding Up 
More) 
Questions Does the average acceleration calculated from velocities and 
times agree with the average acceleration you calculated from 
the acceleration graph?  How would you account for any 
differences? (Q3) 
 ___________________________________________________ 
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 ___________________________________________________ 
 Compare this average acceleration to that with the smaller 
falling mass (Activity 1).  Which is larger?  Is this what you 
expected?  (Q4) 
 ___________________________________________________ 
 ___________________________________________________ 
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INTRODUCTION TO MOTION--CHANGING MOTION 
Simulation Investigation 6:  Acceleration and Force 
To find out More about velocity and acceleration graphs 
 How forces affect the motion of objects  
Materials Interactive Physics software 
  
Introduction In the Investigations 4 and 5 you looked at velocity and 
acceleration graphs for objects with a changing velocity.  In this 
investigation you will look at some more examples of 
accelerated motion.  You also will look a bit closer at what 
causes acceleration. 
Activity 1 A Different Sort of Push 
 In a previous activity the cart was pushed to make it roll on a 
level ramp at a constant speed.  Here you will produce motion at 
a constant speed in a different way.  
 1.  Open the sim-M6A1 file.  An acceleration-time graph and a 
velocity-time graph will appear on the screen.  The velocity 
will range from -2 to 2 m/sec, the acceleration from -2 to 2 
m/sec/sec with an experiment time of 5 seconds. 
 
.5m
 
  The tilt of the ramp is adjusted so the cart rolls at a steady 
(constant) velocity away from the detector.  Run the 
simulation. 
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  Sketch the velocity and acceleration neatly on the axes 
below. 
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Questions Compare your graphs to those in Investigation 4 (Activity 3) for 
motion of the cart at a steady (constant) velocity on a level 
ramp.  Are the graphs similar in shape?  Would you expect them 
to be similar?  Why or why not?  (Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
 What forces act on the cart as it rolls down the ramp at a 
constant speed?  Describe each below.  (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
 For the cart on the tilted ramp, which force is equivalent to your 
steady push along the level ramp in Investigation 4?  Is this 
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force steady (constant)?  Does this force act on the cart when 
the ramp is level?  (Q3) 
 ___________________________________________________ 
 ___________________________________________________ 
Prediction How would the velocity-time and acceleration-time graphs be 
different if the cart had the same friction but the board was tilted 
to a larger angle? 
 ___________________________________________________ 
 ___________________________________________________ 
 Test your prediction. 
 
 
Activity 2 Cart Accelerating Down the Ramp 
 1. Graph the cart rolling down the ramp and speeding up.  
Open the sim-M6A2 file. The ramp is tilted more steeply so 
that the cart speeds up as it rolls down.  The friction is the 
same as before.  Run the simulation and graph velocity and 
acceleration.     
 2. Sketch your graphs neatly on the axes below.  
 
 
 
Time (seconds) 
1.0 2.0 3.0 4.0 5.00
Acceleration (m/s/s)
-2 
+2 
0 
. . . . .
. . . . .
. . . . .
- 
- 
- 
- - - - -
. . . . .
Velocity (m/s)
-2 
+6 
0 
. . . . .
. . . . .
. . . . .
- 
- 
- 
- - - - -
 
 
165
Questions How does your velocity graph differ from that for motion at a 
constant  velocity in Activity 1?  Does this agree with your 
prediction?  (Q4) 
 ___________________________________________________ 
 How does your acceleration graph differ from that for motion at 
a constant velocity in Activity 1?  Does this agree with your 
prediction?  (Q5) 
 ___________________________________________________ 
 Compare your graphs to those in Investigation 4 (Activity 1) for 
the cart speeding up on a level ramp.  Are the graphs similar in 
shape?  Would you expect them to be similar?  Why or why 
not?  (Q6) 
 ___________________________________________________ 
 ___________________________________________________ 
 
 What forces act on the cart as it accelerates down the ramp?  
Which force is equivalent to that applied by the hanging mass in 
Investigation 4?  (Q7) 
 ___________________________________________________ 
 ___________________________________________________  
Activity 3 Up and Down the Ramp  
 Making a cart accelerate down a steep ramp is similar to 
dropping a ball from a height.  In this activity, the cart will be 
given a push up the ramp and we will let it return.  This is similar 
to throwing a ball straight up in the air, but the motion is slower 
and easier to study. 
Predictions You throw a ball straight up in the air.  What is the velocity at the 
moment that the ball reaches its highest point and is about to 
start back down?  At this same moment, is the acceleration 
positive, negative or zero?  (Assume that the positive direction 
is upward.) 
 Velocity:  _______________    Acceleration: _______________ 
 If you give the cart a push up the ramp and release it, what will 
the velocity be at the moment that the cart reaches its highest 
point and is about to start back down?  At this moment, is the 
acceleration positive, negative or zero.  (Assume that the 
positive direction is down the ramp--away from the detector.) 
 Velocity:  _______________    Acceleration: _______________ 
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 Sketch your predictions for the velocity-time and acceleration-
time graphs of the cart. 
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 Now test your predictions.   
 Open the sim-M6A3 file. The ramp is set up exactly as in 
Activity 2.   
 1. Graph the velocity and acceleration of the cart rolling up and 
down the ramp.  A time scale of 5 sec should work.  Run the 
simulation. 
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Questions Label both  graphs with— 
 "A" where the cart started being pushed. 
 "B" where the push ended. 
 "C" where the cart reached the top (and is about to start down). 
 "D" where the cart reached the bottom again. 
 Explain how you know where each of these points is.  (Q8) 
 ___________________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 Did the cart stop at the top?  (Hint:  Look at the velocity graph.  
What was the velocity of the cart at the top?)  Does this agree 
with your prediction?  How much time did it spend at the top 
before it started back down?  Explain.   (Q9) 
 ___________________________________________________ 
 ___________________________________________________ 
 According to your acceleration graph, what is the acceleration at 
the instant  the cart reaches the top?  Is it positive, negative or 
zero?  Does this agree with your prediction?  (Q10) 
 ___________________________________________________ 
 ___________________________________________________ 
  
 Explain the observed sign of the acceleration at the top.  (Hint:  
Remember that acceleration is the rate of change of velocity.  
When the cart is at the top, what will its velocity be in the next 
instant?  Will it be positive or negative?)  (Q11) 
 ___________________________________________________ 
 ___________________________________________________ 
 On the way back down, is there any difference between these 
velocity and acceleration graphs and the ones  which were the 
result of the cart rolling down from rest (Activity 2)?  Explain.  
(Q12) 
 ___________________________________________________ 
 ___________________________________________________ 
 Compare the average acceleration of the cart on the way up 
(but after you stopped pushing) and on the way down (but 
before reaching the bottom).  Are they the same?  Base your 
answers on your velocity and acceleration graphs.  (Q13) 
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 ___________________________________________________ 
 ___________________________________________________ 
Challenge What forces act on the cart on the way up the ramp (after the 
push).  Does any force have a different direction on the way up 
than on the way down?  Explain any differences in the 
acceleration going up and coming down in terms of the forces 
on the cart.   
 _____________________________________________________________ 
 ___________________________________________________ 
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FORCE AND MOTION 
 
Simulation Investigation 1:  Constant Velocity Motion 
 
To find out How to produce motion with constant velocity 
 What happens when you push an object and then release it 
Materials Interactive Physics software  
Introduction In this investigation you will begin to examine how the motion of 
an object is related to the net force acting on it.  You will first 
examine objects which are moving at a constant (steady) 
velocity. 
 The laws which describe the relationships between forces and 
the motion of an object to which they are applied are known as 
Newton's Laws.  These are empirical laws--based on 
investigations like the ones you will carry out.  
Activity 1 Motion at a Constant Velocity with Friction 
 In this activity you will examine how to push or pull an object so that it 
moves with a constant velocity. 
 1. The ramp, pulley, cart, string, motion detector and force 
probe are setup as they were in Experiment 4.   
 
 
   
 2. Prepare to graph velocity and force for the cart moving with 
a constant velocity.  Open the sim-M7A1 file.   
  Adjust the coefficient of friction to produce a large frictional 
force. Do not change the friction during all of Activity 1. 
  Note that the force graph is set up to measure the force 
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actually applied to the cart by the string--the tension in the 
string.   
Prediction Describe the force you must apply to make the cart with friction move 
away from the motion detector with a constant velocity, and sketch its 
graph on the axes below.   
 ___________________________________________________ 
 ___________________________________________________ 
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  Test your prediction. Run the simulation. 
 3. Try changing the value of the hanging masses until you can 
make the cart move at a constant (steady) velocity.   
  When you have succeeded, sketch your velocity and force 
graphs on the axes below. 
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Question Look at your force-time graph.  Does the force applied during 
the time the cart is moving at a constant velocity agree with your 
prediction?  Describe any differences.  (Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
Prediction How do you think the force would change if you made the cart 
move at a faster constant velocity?  What about at a slower 
constant velocity?  Describe any differences you would expect. 
 ___________________________________________________ 
 ___________________________________________________ 
 
 Test your prediction. 
 5. Plot velocity first, make the cart move with a larger but still constant 
velocity. Try the same hanging mass first, then change it if necessary.  
Repeat until you get a nice constant velocity.     
 Sketch both the velocity graph and the force graph using dashed lines on 
the axes on the previous page. 
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Question Was the force needed to keep the cart moving with a faster 
constant velocity significantly different from the force needed for 
the smaller velocity?  Explain.  (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 2 Motion at a Constant Velocity without Friction 
Prediction Suppose that friction were very small--nearly zero.  Describe 
and sketch a graph of the force needed to make the cart move 
away from the motion detector with a constant velocity. 
 ___________________________________________________ 
 ___________________________________________________ 
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 Test your prediction.    
Note It will be impossible to completely eliminate friction.  Instead you 
can decrease the friction a little bit at a time, and observe what 
happens. 
 1. Reduce the friction a little bit by adjusting the coefficient of 
friction slider, but so that there is still some friction.   
 2. Try different hanging masses to make the cart move at a 
constant (steady) velocity.  Find the hanging mass so that 
the cart's velocity is constant.  Repeat as many times as 
necessary.  
  When you have succeeded, sketch your graphs on the axes 
below. 
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 3. Reduce friction some more to give the minimum possible 
friction, and graph again.  Change the hanging mass and 
plot velocity and force with the same constant velocity as 
before.  Sketch these graphs with dashed lines on the same 
axes. 
Questions Based on your observations, how large a force would be 
necessary to keep the cart moving at a constant velocity if there 
were no friction at all?  Explain.  Does this agree with your 
prediction?  (Q3) 
 ___________________________________________________ 
 ___________________________________________________ 
 Suppose that there were a number of forces acting on the cart.  
What net  (resultant)  force acting on the cart would keep it 
moving with a constant velocity?  Explain.  (Q4) 
 ___________________________________________________________ 
 ___________________________________________________________ 
Activity 3 Once a Push Always a Push? 
Prediction Suppose that you remove the string and hanging mass. Then you give the 
cart a push to start it moving and release it.  Sketch on the top of the next 
page a velocity-time and an acceleration-time graph for the motion of the 
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cart. 
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 On the diagram below, use arrows to indicate all of the forces that act on 
the cart after you have released it.  (Assume that friction is so small that it 
can be neglected.) 
       
 Test your predictions. 
 
 1. Open the sim-M7A2 file. The string and the hanging mass have been 
removed. Everything else should be set up as before.  The cart's 
friction should be as small as possible. 
  Velocity, acceleration and force-time graphs will appear on 
the screen.   
2. Graph velocity first.  Press the run button , give the 
cart a steady push for about a second, by pushing the force 
button .  Then let the cart go.   
 
  Sketch your graphs on the axes below. 
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 Indicate with an arrow on all three graphs the time when the cart was 
released. 
Questions Do the velocity and acceleration graphs agree with your 
predictions?  If not, how do they differ?  (Q5) 
 ___________________________________________________ 
 ___________________________________________________ 
 Do the actual forces acting on the cart after it is released as 
shown on the force-time graph agree with your prediction of the 
force(s)?  What happened to the force of the push after you 
released the cart?  (Q6) 
 ___________________________________________________ 
 ___________________________________________________ 
 Do your results agree with what you learned in Activity 2 about 
the net force needed to move a cart (without friction) at a 
constant velocity?  Explain.  (Q7)  
 ___________________________________________________ 
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Comment When there is no net force acting on an object, the velocity of the object 
does not change.  The object then either moves at a constant velocity, or 
remains at rest.  This law--which you have examined in this investigation--
is known as Newton's First Law. 
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FORCE AND MOTION 
Simulation Investigation 2:  Motion with Constant Acceleration 
To find out How to produce motion with a constant acceleration 
 The relationship between force and acceleration   
Materials Interactive Physics software  
  
Introduction If you apply a large enough force on an object--like a cart on a table--you 
can get the object to move with an increasing velocity--with an 
acceleration.  In this investigation you will examine what sort of net force 
applied to an object causes a steadily increasing velocity--a constant 
acceleration 
Activity 1 Pulling a Cart to Make It Speed Up Steadily 
Prediction Suppose that instead of making the cart move at a constant 
velocity, you want it to speed up steadily (with a constant 
acceleration).  Describe in words and sketch graphs of the 
velocity, acceleration and force which you would expect. 
 ___________________________________________________ 
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 Test your predictions. 
 1. Open the sim-M8A1 file. The setup should be the same as in 
Activities 1 and 2 of the previous investigation.  Be sure that 
the cart's friction is minimum.  
 2. Prepare to graph velocity acceleration and force. Velocity, 
acceleration and force-time graphs will appear on the 
screen.   
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 3. Set the hanging mass to 50 grams. 
 4. Run the simulation. Press the Run button. After 
approximately 1 second press the “PRESS TO RELEASE” 
button. This will release the cart and allow it to move. Repeat 
until you get good graphs. 
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  Adjust the scales if necessary to display the graphs more 
clearly.  Sketch the actual velocity, acceleration and force 
graphs on the axes above.  Draw a smooth force graph; 
don't worry about small bumps. 
   
 
Questions What kind of force is needed to move the cart with a steadily 
increasing velocity--constant, increasing or decreasing?  (Look 
at the force on your graph during the time that the cart is 
accelerating.)  Is this what you expected-- does the force graph 
agree with your prediction?  (Q1) 
 ___________________________________________________ 
 ___________________________________________________ 
 Does the acceleration graph agree with your prediction?  What 
kind of acceleration corresponds to a steadily increasing 
velocity?  (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
 Compare the force applied to the cart by the hanging mass 
during the 1 second that the cart was at rest and during the time 
when the cart was accelerating.  Is one of these forces larger?  
Try to explain.  (Hint: Remember that the force being measured 
is the tension in the string and not the weight of the hanging 
mass.)  (Q3) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 2 Accelerating with a Larger Force  
 In this activity you will examine the acceleration of the cart with a larger 
applied force than in Activity 1. 
Prediction If you double the force applied to the cart, what will happen to its 
acceleration?  Will it still be constant?  How large will it be? 
 ___________________________________________________ 
 1. Accelerate the cart with a 100 gram hanging mass.   
  Repeat if necessary to get good graphs. 
  Sketch your graphs with a dashed line on the axes on page 
2-2. 
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Questions Did your force graph for the larger applied force agree with your 
prediction?  Explain any differences.  (Q4) 
 ___________________________________________________ 
 ___________________________________________________ 
 How does the acceleration of an object seem to depend on the 
net force applied to the object?  (Q5) 
 ___________________________________________________ 
 2. Measure the average forces and accelerations.  Use the 
tape player controls in the lower left corner of the Interactive 
Physics window to record 
values of the force and acceleration for both runs.  Make ten 
reading for force and ten readings for acceleration over the 
whole time interval when the cart was accelerated by the 
smaller force (Run 1).  Find the mean values.  Then repeat 
with the larger force (Latest).  
 
  Smaller Force Force: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
    Mean force (N): _____ 
   Acceleration: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
    Mean acceleration (m/s2):
 ____ 
  Larger Force Force: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
    Mean force (N): _____ 
   Acceleration: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
    Mean acceleration (m/s2):
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 ____ 
  Record the mean values in the first two rows of the table 
below. 
   
Applied Force
(N)
Acceleration
(m/s  )2
Ratio:  Force 
Accel.
  
 3. Accelerate the cart with a 150 gram hanging mass.    Repeat 
if necessary to get good graphs. 
  Sketch your graphs with a dotted line on the axes on page 2-
2. 
  Record values from your graph, find the mean values and 
record these in the table above. 
  Still Larger Force Force: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
    Mean force (N): _____ 
   Acceleration: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
    Mean acceleration (m/s2):
 ____
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Question Does there appear to be a mathematical relationship between 
force and acceleration?  What is it?  Use the data in your table 
to justify your answer.  (Q6) 
 ___________________________________________________ 
 ___________________________________________________ 
Activity 3 Accelerating a More Massive Cart 
Prediction If the cart's mass were twice as large, and you accelerated it 
with the 150 gram hanging mass, would the acceleration be 
different?  In what way?  
 ___________________________________________________ 
 Test your prediction. 
 1. Record the mass of the cart:  _____kilograms 
 2. Change the mass of the cart.  Double the mass of the cart . 
  New mass of cart: _____kilograms. 
3. Accelerate the cart with the 150 gram mass.  Repeat until you 
get good graphs. Sketch your graphs below.  Also sketch the 
graphs for the less massive cart with a dashed line. 
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 4. Record values from your graph.  Find the mean values. 
  Larger Mass Cart Force: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
    Mean force (N): _____ 
   Acceleration: ____ ____ ____ ____
 ____ 
    ____ ____ ____ ____
 ____ 
   Mean acceleration (m/s2):
 ____ 
  Record these values along with those from Activity 2 for the 
lighter cart accelerated with the same 150 gram hanging 
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mass in the table below. 
  
 
Applied Force
(N)
Acceleration
(m/s  )2
Mass of Cart
(kg) Accel.
Ratio:  Force
 
  Calculate the ratios of force to acceleration, and record in 
the table. 
Questions Did your graphs agree with your predictions?  Explain any 
differences.  (Q7) 
 ___________________________________________________ 
 ___________________________________________________ 
 Does there appear to be a mathematical relationship between 
acceleration and mass for an object pulled with a constant 
force?  What is it?  Justify your answer using the data in your 
table.  (Q8) 
 ___________________________________________________ 
 ___________________________________________________ 
 ___________________________________________________ 
 
Comment The law which relates the acceleration of an object to the applied force 
and mass is called Newton's Second Law. 
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FORCE AND MOTION 
Simulation Investigation 3:  More on Newton's Laws of Motion 
To find out The relationship between force and acceleration when the 
acceleration is not constant 
Materials Interactive Physics software  
  
Activity 1 Force and Acceleration 
 In this activity you will apply a varying force to an object, and 
examine the acceleration this force produces. 
  
1. Open the sim-M9A1 file. You will see a mass connected to a 
force probe by a light string. A varying force is applied to the 
mass causing it to accelerate upward and downward. 
2. Collect the Data.  Run the simulation  
  Sketch the acceleration graph on the axes on the next page.  
Do not display the force graph yet.   
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Prediction On the force axes below, sketch with a dotted line your 
prediction of the force which could have caused the acceleration 
of the mass shown above. 
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 3. Display the force and acceleration.  Click on the 
Appearance button. From the drop down menu select 
Output(11)-Tension. Check the Show box. Close the 
Appearance window. Sketch the force graph with a solid line 
on the axes above. 
Question Did the force graph agree with your prediction?  In what ways 
did it agree and disagree?  (Q1) 
 ___________________________________________________ 
 Compare the acceleration and force graphs.  Are they similar in 
shape?  Is this what you would expect based on Newton's 
Second Law?  (Q2) 
 ___________________________________________________ 
 ___________________________________________________ 
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Appendix C: Instruments 
 
 
 
FORCE AND MOTION CONCEPTUAL EVALUATION 
Directions:  Answer questions 1-47 in spaces on the answer sheet.  Be sure your name is on the answer 
sheet.  Answer question 46a  also on the answer sheet.  Hand in the questions and the answer sheet. 
A sled on ice moves in the ways described in questions 1-7 below.  Friction is so small that it can be 
ignored.  A person wearing spiked shoes standing on the ice can apply a force to the sled and push it along 
the ice.  Choose the one force (A through G) which would keep the sled moving as described in each 
statement below. 
You may use a choice more than once or not at all but choose only one answer for each blank.  If you think 
that none is correct, answer choice J.   
E.
F.
G.
The force is toward the left and is 
decreasing in strength (magnitude).
The force is toward the left and is of 
constant strength (magnitude).
The force is toward the left and is 
increasing in strength (magnitude).
Direction of Force
A.
B.
C.
The force is toward the right and is  
increasing in strength (magnitude).
The force is toward the right and is of 
constant strength (magnitude).
The force is toward the right and is  
decreasing in strength (magnitude).
Direction of Force
D. No applied force is needed
 
 1. Which force would keep the sled moving toward the right and speeding up at a steady rate 
(constant acceleration)? 
 2. Which force would keep the sled moving toward the right at a steady (constant) velocity? 
 3. The sled is moving toward the right.   Which force would slow it down at a steady rate 
(constant acceleration)? 
 4. Which force would keep the sled moving toward the left and speeding up at a steady 
rate (constant acceleration)? 
 5. The sled was started from rest and pushed until it reached a steady (constant) velocity toward 
the right.  Which force would keep the sled moving at this velocity? 
 6. The sled is slowing down at a steady rate and has an acceleration to the right.     Which force 
would account for this motion? 
 7. The sled is moving toward the left.  Which force would slow it down at a steady rate (constant 
acceleration)?  
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Questions 8-10 refer to a toy car which is given a quick push so that it rolls up an inclined ramp.  After it is 
released, it rolls up, reaches its highest point and rolls back down again.  Friction is so small it can be 
ignored.   
 
                      
 
 
Use one of the following choices (A through G) to indicate the net force acting on the car for each of the 
cases described below.  Answer choice J if you think that none is correct. 
 
Net force zeroD
Net constant force down rampA
Net increasing force down rampB
Net decreasing force down rampC
Net constant force up rampE
Net decreasing force up rampG
Net increasing force up rampF
 
 
 8. The car is moving up the ramp after it is released. 
 9. The car is at its highest point. 
 10. The car is moving down the ramp. 
 
 
 
Questions 11-13 refer to a coin which is tossed straight up into the air.  After it is released it moves upward, 
reaches its highest point and falls back down again.  Use one of the following choices (A through G) to 
indicate the force acting on the coin for each of the cases described below.  Answer  choice J if you think that 
none is correct.  Ignore any effects of air resistance. 
 A. The force is down and constant. 
 B. The force is down and increasing 
 C. The force is down and decreasing 
 D. The force is zero. 
 E. The force is up and constant. 
 F. The force is up and increasing 
 G. The force is up and decreasing 
 11. The coin is moving upward after it is released. 
 12. The coin is at its highest point. 
 13. The coin is moving downward. 
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Questions 14-21 refer to a toy car which 
can move to the right or left along a 
horizontal line (the positive part of the 
distance axis).
+0
Assume that friction is so small that it 
can be ignored.
You may use a choice more than once  
or not at all.  If you think that none is  
correct, answer choice  .J
A force is applied to the car.  Choose the 
one force graph (    through    ) for each 
statement below which could allow the 
described motion of the car to continue. 
A  H
The car moves toward the right 
(away from the origin) with a 
steady (constant) velocity.
__14.
The car is at rest.__15.
The car moves toward the right  
and is speeding up at a steady rate 
(constant acceleration).
__16.
The car moves toward the left 
(toward the origin) with a steady 
(constant) velocity.
__17.
The car moves toward the right  
and is slowing down at a steady rate 
(constant acceleration).
__18.
The car moves toward the left and  
is speeding up at a steady rate 
(constant acceleration).
__19.
The car moves toward the right, 
speeds up and then slows down.
__20.
The car was pushed toward the 
right and then released.  Which 
graph describes the force after 
the car is released.
__21.
None of these graphs is correct.J
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Questions 22-26 refer to a toy car which can move to the right or left on a horizontal surface 
along a straight line (the + distance axis).  The positive direction is to the right. 
    0 +  
Different motions of the car are described below.  Choose the letter (A to G) of the acceleration-
time graph which corresponds to the motion of the car described in each statement. 
You may use a choice more than once or not at all.  If you think that none is correct, answer 
choice J. 
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None of these graphs is correct.J
 
_____22. The car moves toward the right (away from the origin), speeding up at a steady rate. 
_____23. The car moves toward the right, slowing down at a steady rate. 
_____24. The car moves toward the left (toward the origin) at a constant velocity. 
_____25. The car moves toward the left, speeding up at a steady rate. 
_____26. The car moves toward the right at a constant velocity. 
Questions 27-29 refer to a coin which is tossed straight up into the air.  After it is released it 
moves upward, reaches its highest point and falls back down again.  Use one of the following 
choices (A through G) to indicate the acceleration of the coin during each of the stages of the 
coin's motion described below.  Take up to be the positive direction.  Answer choice J if you 
think that none is correct. 
 A. The acceleration is in the negative direction and constant. 
 B. The acceleration is in the negative direction and increasing 
 C. The acceleration is in the negative direction and decreasing 
 D. The acceleration is zero. 
 E. The acceleration is in the positive direction and constant. 
 F. The acceleration is in the positive direction and increasing 
 G. The acceleration is in the positive direction and decreasing 
___27. The coin is moving upward after it is released. 
___28. The coin is at its highest point. 
___29. The coin is moving downward. 
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Questions 30-34 refer to collisions between a car and trucks.  For each description of a collision (30-34) below, 
choose the one answer from the possibilities A though J that best describes the forces between the car and the truck.  
A. The truck exerts a greater amount of force on the car than the car exerts on the truck. 
B. The car exerts a greater amount of force on the truck than the truck exerts on the car. 
C. Neither exerts a force on the other; the car gets smashed simply because it is in the way of the truck. 
D. The truck exerts a force on the car but the car doesn't exert a force on the truck. 
E. The truck exerts the same amount of force on the car as the car exerts on the truck. 
F. Not enough information is given to pick one of the answers above. 
J. None of the answers above describes the situation correctly. 
In questions 30 through 32 the 
truck is much heavier than the 
car . 
 30. They are both moving at the same speed when they collide.  Which choice describes the forces? 
 31. The car is moving much faster than the heavier truck when they collide.  Which choice describes the 
forces? 
 32. The heavier truck is standing still when the car hits it.  Which choice describes the forces? 
 
In questions 33 and 34 the truck 
is a small pickup and is the same 
weight as the car. 
 
 33. Both the truck and the car are moving at the same speed when they collide.  Which choice describes 
the forces? 
 34. The truck is standing still when the car hits it.  Which choice describes the forces? 
 
Questions 35-38 refer to a large truck 
which breaks down out on the road and 
receives a push back to town by a small 
compact car.   
 
Pick one of the choices A through J below which correctly describes the forces between the car and the truck for 
each of the descriptions (35-38). 
A. The force of the car pushing against the truck is equal to that of the truck pushing back against the car. 
B. The force of the car pushing against the truck is less than that of the truck pushing back against the car. 
C. The force of the car pushing against the truck is greater than that of the truck pushing back against the car. 
D. The car's engine is running so it applies a force as it pushes against the truck, but the truck's engine isn't running so 
it can't push back with a force against the car. 
E. Neither the car nor the truck exert any force on each other.  The truck is pushed forward simply because it is in 
the way of the car. 
J. None of these descriptions is correct. 
 35. The car is pushing on the truck, but not hard enough to make the truck move. 
 36. The car, still pushing the truck, is speeding up to get to cruising speed. 
 37. The car, still pushing the truck, is at cruising speed and continues to travel at the same speed. 
 38. The car, still pushing the truck, is at cruising speed when the truck puts on its brakes and causes the car 
to slow down. 
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A sled is pulled up to the top of a hill. The sketch above indicates the shape of the hill.   At the top of the hill the sled 
is released from rest and allowed to coast down the hill.  At the bottom of the hill the sled has a speed v and a kinetic 
energy E (the energy due to the sled's motion).  Answer the following questions. In every case friction and air 
resistance are so small they can be ignored.   
 44.  The sled is pulled up a steeper hill of the same height as the hill described above.  How will the velocity of 
the sled at the bottom of the hill (after it has slid down) compare to that of the sled at the bottom of the original 
hill?  Choose the best answer below. 
A. The speed at the bottom is greater for the steeper hill. 
B. The speed at the bottom is the same for both hills. 
C. The speed at the bottom is greater for the original hill because the sled travels further. 
D. There is not enough information given to say which speed at the bottom is faster. 
J.  None of these descriptions is correct. 
 45.  Compare the kinetic energy (energy of motion) of the sled at the bottom for the original hill and the steeper 
hill in the previous problem.  Choose the best answer below. 
A. The kinetic energy of the sled at the bottom is greater for the steeper hill. 
B. The kinetic energy of the sled at the bottom is the same for both hills. 
C. The kinetic energy at the bottom is greater for the original hill. 
D. There is not enough information given to say which kinetic energy is greater. 
J.  None of these descriptions is correct. 
 46. The sled is pulled up a higher hill that is less steep than the original hill described before question 44.  How 
does the speed of the sled at the bottom of the hill (after it has slid down) compare to that of the sled at the bottom 
of the original hill? 
A. The speed at the bottom is greater for the higher but less steep hill than for the original. 
B. The speed at the bottom is the same for both hills. 
C. The speed at the bottom is greater for the original hill. 
D. There is not enough information given to say which speed at the bottom is faster. 
J.  None of these descriptions is correct. 
46a. Describe in words your reasoning in reaching your answer to question 46.  (Answer on the answer sheet 
and use as much space as you need) 
_47.  For the higher hill that is less steep, how does the kinetic energy of the sled at the bottom of the hill after it has 
slid down compare to that of the original hill?  
A. The kinetic energy of the sled at the bottom is greater for the higher but less steep hill. 
B. The kinetic energy of the sled at the bottom is the same for both hills. 
C. The kinetic energy at the bottom is greater for the original hill. 
D. There is not enough information given to say which kinetic energy is greater. 
J.   None of these descriptions is correct. 
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SURVEY OF ATTITUDES TOWARD LEARNING ABOUT 
AND WORKING WITH COMPUTERS 
Brenda H. Loyd and Clarice P. Gressard 
University of Virginia 
 
The purpose of this survey is to gather information concerning people’s attitudes toward learning about 
and working with computers.  It should take about five minutes to complete this survey.  All responses are 
kept confidential.  Please return the survey to your instructor when you are finished. 
 
Please check the blank which applies to you. 
 
1. Age: __________ 
 
2. Number of math classes completed: _________ 
 
3. Number of science classes completed: __________ 
 
3. Proposed college major:____________________________ 
 
4. Sex: ❏  Male  ❏  Female 
 
5. Experience with learning about or working with computers: 
 ❏  1 week or less ❏  1 week to 1 month ❏  1 month to 6 months 
 ❏  6 months to 1 year  ❏  1 year or more 
 
 Briefly state the type of computer experience: ______________________ 
 
COMPUTER ATTITUDE SCALE 
 
Below are a series of statements.  There are no correct answers to these statements.  They are designed to 
permit you to indicate the extent to which you agree or disagree with the ideas expressed.  Place a 
checkmark in the space under the label which is closest to your agreement or disagreement with the 
statements. 
 Strongly Slightly Slightly Strongly 
 Agree Agree
 Disagree Disagree  
1. Computers do not scare me at all. ...............................................❏ .................❏..................❏ .................❏ 
2. I’m no good with computers. .......................................................❏ .................❏..................❏ .................❏ 
3. I would like working with computers. .......................................❏ .................❏..................❏ .................❏ 
4. I will use computers many ways in my life................................❏ .................❏..................❏ .................❏ 
5. Working with a computer would make me very  
 nervous. ...........................................................................................❏ .................❏..................❏ .................❏ 
6. Generally, I would feel OK about trying a new  
 problem on the computer. ............................................................❏ .................❏..................❏ .................❏ 
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 Strongly Slightly Slightly Strongly 
 Agree Agree
 Disagree Disagree  
7. The challenge of solving problems with computers 
 does not appeal to me....................................................................❏ .................❏..................❏ .................❏ 
8. Learning about computers is a waste of time. ...........................❏ .................❏..................❏ .................❏ 
9. I do not feel threatened when others talk about 
 computers........................................................................................❏ .................❏..................❏ .................❏ 
10. I don’t think I would do advanced computer work..................❏ .................❏..................❏ .................❏ 
11. I think working with computers would be enjoyable 
 and stimulating. .............................................................................❏ .................❏..................❏ .................❏ 
12. Learning about computers is worthwhile. .................................❏ .................❏..................❏ .................❏ 
13. I feel aggressive and hostile toward computers. .......................❏ .................❏..................❏ .................❏ 
14. I am sure I could do work with computers. ...............................❏ .................❏..................❏ .................❏ 
15. Figuring out computer problems does not appeal 
 to me. ...............................................................................................❏ .................❏..................❏ .................❏ 
16. I’ll need a firm mastery of computers for my 
 future work. ....................................................................................❏ .................❏..................❏ .................❏ 
17. It wouldn’t bother me at all to take computer  
 courses. ............................................................................................❏ .................❏..................❏ .................❏ 
18. I’m not the type to do well with computers. ..............................❏ .................❏..................❏ .................❏ 
19. When there is a problem with a computer run  
 that I can’t immediately solve, I would stick 
 with it until I have the answer. ....................................................❏ .................❏..................❏ .................❏ 
20. I expect to have little use for computers  
 in my daily life................................................................................❏ .................❏..................❏ .................❏ 
21. Computers make me feel uncomfortable....................................❏ .................❏..................❏ .................❏ 
22. I am sure I could learn a computer language.............................❏ .................❏..................❏ .................❏ 
23. I don’t understand how some people can  
 spend so much time working with computers  
 and seem to enjoy it. ......................................................................❏ .................❏..................❏ .................❏ 
24. I can’t think of any way that I will use computers  
 in my career. ...................................................................................❏ .................❏..................❏ .................❏ 
25. I would feel at ease in a computer class......................................❏ .................❏..................❏ .................❏ 
26. I think using a computer would be very hard  
 for me...............................................................................................❏ .................❏..................❏ .................❏ 
 
202
 Strongly Slightly Slightly Strongly 
 Agree Agree
 Disagree Disagree  
27. Once I start to work with the computer, I would find it 
 hard to stop. ....................................................................................❏ .................❏..................❏ .................❏ 
28. Knowing how to work with computers will increase 
 my job possibilities.........................................................................❏ .................❏..................❏ .................❏ 
29. I get a sinking feeling when I think of trying to use a 
 computer. ........................................................................................❏ .................❏..................❏ .................❏ 
30. I could get good grades in computer courses. ...........................❏ .................❏..................❏ .................❏ 
31. I will do as little work with computers as possible. ..................❏ .................❏..................❏ .................❏ 
32. Anything that a computer can be used for,  
 I can do just as well some other way...........................................❏ .................❏..................❏ .................❏ 
33. I would feel comfortable working with a computer. ................❏ .................❏..................❏ .................❏ 
34. I do not think I could handle a computer course.......................❏ .................❏..................❏ .................❏ 
35. If a problem is left unsolved in a computer class,  
 I would continue to think about it afterward.............................❏ .................❏..................❏ .................❏ 
36. It is important to me to do well in computer classes. ...............❏ .................❏..................❏ .................❏ 
37. Computers make me feel uneasy and confused. .......................❏ .................❏..................❏ .................❏ 
38. I have a lot of self-confidence when it comes  
 to working with computers. .........................................................❏ .................❏..................❏ .................❏ 
39. I do not enjoy talking with others about computers. ................❏ .................❏..................❏ .................❏ 
40. Working with computers will not be important  
 to me in my life’s work..................................................................❏ .................❏..................❏ .................❏ 
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Appendix D: Examples of the Simulation Environment 
 
 
 
 
 
Figure 9. MBL Graph produced by student walking slowly away from the motion 
detector. 
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Figure 10. Computer simulation of dynamics cart moving away from the motion detector. 
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Figure 11. MBL Graph produced by student walking slowly towards the motion detector. 
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Figure 12. Computer simulation of dynamics cart moving towards the motion detector. 
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Figure 13. Computer simulation of dynamics cart moving away from the motion detector 
and returning. 
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Figure 14. MBL Graph created while attempting to match given conditions. 
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Figure 15. MBL graph produced by student walking away from the motion detector while 
accelerating. 
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Figure 16. Computer simulation of dynamics cart moving away from the motion detector 
while accelerating. 
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Figure 17. Computer simulation of dynamics cart with constant deceleration. 
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Figure 18. Computer simulation of dynamics cart moving towards the motion detector 
with constant acceleration. 
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